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Abstract 
The intrinsic properties of carbon nanotubes (CNTs) are now well understood, and a 
large fraction of current research efforts focus on exploitation of these novel structures in 
a wide range of applications. In carbon nanotube composites, the central goal is to 
access the unique mechanical and physical properties of individual nanotubes at a 
macroscopic scale. 
In this thesis, injection CVD was used to grow aligned arrays of CNTs. The data 
presented builds on previous research to explore the influence of the processing 
parameters on the quality, yield and diameters of multi-walled CNTs. The main body of 
the work relates to the fabrication and characterisation of bulk borosilicate glass matrix 
composites containing multi-walled CNTs. 
Powder processing was employed as the simplest approach to introduce 10wt% of 
SiOz-coated CNTs into commercial (Duran®) borosilicate glass. The resulting mechanical 
and electrical properties of the composites are discussed; however, the nanotubes 
dispersion achieved using this route was not ideal. 
The sol-gel method offered a better alternative to homogenize the dispersion of the CNTs 
in the inorganic matrix, which improved significantly on modifying the CNT surfaces with 
a coupling agent. This method led to the successful production of borosilicate glass 
composites with up to 3wt% of multi-walled CNTs. The mechanical performance was 
shown to improve with addition of CNTs up to 2wt% loading, where CNTs were seen to 
be still homogeneously dispersed. However, mechanical properties reduced thereafter 
due to agglomeration. 
The third method explored involved the use of electrophoretic deposition (EPD) to 
fabricate CNTs/ceramic deposits. EPD was used to coat planar stainless steel electrodes 
with CNTs in an effort in gain a better insight into the deposition process. The co-
deposition of carbon nanotubes and commercial TiOz nanoparticles (Degussa's P25) 
demonstrated the potential of the EPD method to fabricate composite films or coatings 
with homogeneous nanotube dispersion. 
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Chapter 1 Introduction 
1.1 Background 
Carbon nanotubes (CNTs) have been the focus of intense research since their 
potential was truly revealed by lijima in 1991 [1]. The peculiar arrangement of the 
carbon atoms into tubes of one or more concentric cylinders, gives these nanotubes 
exceptionally high mechanical properties and complex electronic behaviour. Scientists 
and engineers were quick to appreciate that this "ultimate carbon fibre" had promise for 
composites with remarkable mechanical properties. However, the development of 
these novel composites has been delayed by the many challenges that nanofibres 
involve, particularly controlling the dispersion of the CNTs homogeneously within the 
matrix material, whether polymeric, metallic or inorganic. The range of properties that 
CNTs exhibit can be employed in different ways depending on the desired function of 
the composite. For instance, structural applications will focus on the load transfer from 
the matrix to the CNTs, to make full use of the intrinsically high strength and stiffness 
of the CNTs [2-4], whilst the high electrical conductivity can be used to modify the 
dielectric properties of an insulating polymer [5]. 
Ceramic materials benefit from high hardness, strength and modulus while exhibiting 
low density, low thermal expansion coefficient and relatively low thermal and electrical 
conductivities. Their greatest disadvantage compared to polymers or metals is their 
brittleness, or in other words, their inability to accommodate stresses by plastic 
deformation. The absence of such energy-dissipating phenomenon causes them to fail 
catastrophically. Researchers have therefore tried to introduce alternative energy-
dissipating phenomena by including various reinforcing agents (particles, whiskers and 
fibres) thus creating ceramic matrix composites with improved fracture toughness. 
Based on their mechanical properties (Young's Modulus =1 TPa, tensile strength»10-
60 GPa, aspect ratio»10^) carbon nanotubes have the potential to greatly improve the 
intrinsic properties of brittle matrices provided the nanotubes are homogeneously 
dispersed within the matrix material. 
1.2 Aims and Objectives of tiie present Project 
The aim of this study is to identify and develop reliable fabrication techniques to obtain 
a homogeneous dispersion of CNTs within a ceramic or glass matrix composite. To do 
so, various processing methods have been investigated including powder technology, 
sol-gel techniques and electrophoretic deposition (EPD), in order to assess the best 
possible route to obtain such composites. Glass matrices, in particular borosilicate 
glasses, are of specific interest because of the lower densification temperature than 
that of polycrystalline ceramics. The specific objectives of the investigation were 
focused on: 
The synthesis of aligned arrays of multi-walls CNTs by an injection Chemical 
Vapour Deposition (CVD) process 
• Fabrication of borosilicate glass matrix composites containing CNTs by powder 
technology and sol-gel techniques 
• Manipulation of CNTs via electrophoretic deposition (EPD) to fabricate coatings 
of CNTs and/or CNTs-containing ceramic composite coatings 
Assessment of the mechanical performance of the bulk composites was carried out to 
explore the reliability of the fabrication technique and the significance of obtaining a 
homogeneous dispersion of CNTs. In addition, the functional properties of the CNTs 
are of interest, especially those that relate to network percolation, such as the electrical 
and thermal conductivities. 
This thesis is structured in the following manner: Chapter 2 gives an introduction to 
carbon nanotubes, their history and general properties as published in the literature. 
Chapter 3 explains the concept of ceramic matrix composites (CMCs) and details the 
proven performance of CMCs reinforced with common materials. The chapter 
continues by reviewing published literature on CMCs containing CNTs, summarizing 
the processing methods, dispersion techniques and mechanical performance. Chapter 
4 details the analytical techniques which were used throughout this study. Chapter 5 
explains the production of aligned multi-walled CNTs by an injection CVD method, 
building on on past research to determine the influence of the processing parameters 
on the yield, crystallinity, length and diameters of the CNTs. It also details a novel 
characterisation technique to assess the quality and concentration of acid-oxidized 
CNT suspension by UV/Vis spectroscopy. The inclusion of CNTs into commercial 
Duran® borosilicate glass by a powder technology route is explained in Chapter 6 with 
microstructural, mechanical and electrical properties investigations. Chapter 7 
describes the sol gel chemistry to fabricate borosilicate glass composites, investigating 
three different silicate precursors and two boron precursors. Chapter 7 also details the 
dispersion method employed to disperse CNTs homogeneously in the glass matrix and 
the resulting mechanical and physical performance of the composites. Chapter 8 
focuses on the use of electrophoretic deposition to coat planar stainless steel 
electrodes with pure CNTs. Such coatings may have applications as electrodes and 
provide a means of studying the deposition process. EPD may also provide a 
convenient route to well-dispersed nanocomposites coatings. The co-deposition of 
CNTs and commercial TiOz nanoparticles (Degussa's P25) demonstrated this 
possibility. Finally, conclusions are given in Chapter 9 that discusses the outcome of 
the present study and suggests novel and necessary future research directions in the 
field. 
10 
Chapter 2 From carbon fibres to carbon nanotubes 
2.1 Introduction 
This chapter briefly reviews how the development of carbon fibres by Edison in 1880 
[6] led eventually to the exciting new material that are carbon nanotubes (CNTs). 
Carbon nanotubes, despite being related to carbon fibres or graphite, have a specific 
arrangement of the carbon atoms, so an explanation of their morphology and structure 
is given along with their resulting mechanical and physical properties. 
There are three common synthesis methods for CNTs, but emphasis will be given to 
the description of the Chemical Vapour Deposition (CVD) which is most suitable for the 
large scale production needed for composites. 
2.2 The development of carbon fibres to fullerene and carbon nanotubes 
The first carbon fibre developed in 1880 [6], provided a great improvement over the 
platinum wire which had been employed in the early versions of electrical light bulbs. 
Following this pioneering work, further research on carbon fibres proceeded slowly as 
they were soon to be replaced by more robust tungsten filaments. Nevertheless, 
research on carbon fibres and filaments continued steadily over a long time, through 
the work of Schutzenberger [7] in the late 1890s. Their efforts were mostly directed 
towards the study of various vapour grown carbonaceous materials, amongst them 
filaments obtained from the thermal decomposition of hydrocarbon gases which, 
interestingly, relate to the CVD synthesis of CNTs a century later. 
A second application-driven motivation for improved carbon fibres emerged in the 
1950's from the need of the space and aircraft industry for strong, stiff and lightweight 
fibres that could be used in lightweight composite materials with enhanced mechanical 
properties [8]. Considerable research efforts led to the preparation of continuous 
carbon fibres based on polymer precursors, including rayon, and polyacrylonitrile 
(PAN). However, the large defect density and crack sensitivity greatly limited the 
overall performance of the fibres and novel research directions were taken to 
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synthesize ultra-high modulus fibres. In 1970s-80s, vapour grown carbon fibres 
(VGVF) was developed as alternative synthetic method and laid the scientific basis for 
the mechanism and thermodynamics [9, 10]. 
As research on CVD grown carbon fibres in the micrometer range progressed, the 
growth of very small diameter filaments less than 100 nm was occasionally observed 
and reported [11], but no detailed systematic studies of these thin filaments were 
carried out. One such filament, seen on Figure 2-1 [11] was referred by the authors as 
a "vermicule" which would certainly be labelled as a carbon nanotube nowadays. 
Figure 2-1 Vermicular threads of carbon produced in 1953 by a catalytic chemical vapour 
deposition process [11] 
Widespread investigations of these filaments really started following the discovery of 
fullerene, also known as Ceo or buckminsterfullerene, by Smalley and Kroto in 1985 
[12]. A fullerene consists of a finite graphene sheet (defined as a single 20 layer of a 
3D graphite) curved into a closed cage by the presence of pentagons, thereby 
promoting the elimination of dangling bonds at the expense of strain energy. After 
much speculation about the existence of elongated fuilerenes (or carbon nanotubes) 
[8], the breakthrough came in 1991 with lijima's report of experimental observation of 
carbon nanotubes using transmission electron microscopy [1] along with a detailed 
appreciation of the structural niches of the system such as the tubular structure or the 
circumferential stacking of graphene layers. Since the pioneering work of lijima [1], the 
study of carbon nanotubes has progressed rapidly. 
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2.3 Morphology of carbon nanotubes 
A single wall carbon nanotube is a graphene sheet appropriately rolled into a cylinder 
of nanometre size diameter. Their atomic structure is described by the helicity, or tube 
chirality, which is defined by the chiral vector C and the chiral angle 6. 
Ajincliair 
Zig-zag i 
b .. 1 'fl- fL. . .3 
f T : 
Figure 2-2 Formation of a carbon nanotube from a planar graphene sheet. The graphene sheet is 
cut along the solid lines and rolled in the chiral vector C direction. 
Figure 2-2 is a representation of a graphene sheet onto which a nanotube is cut from 
the solid lines and rolled up in the direction of the chiral vector C which is described by 
C = nflj + niGj 
The integers (n, m) are the number of steps along the hexagonal lattice and o, and 
dzSre the vectors units. Two particular cases arise when the chiral angle is at 0- and 
30- where in these cases the chirality of the nanotube is defined as zigzag and 
armchair respectively as shown in Figure 2-3. 
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r - O . 
Figure 2-3 Zigzag and armcliair carbon nanotubes 
The chirality of carbon nanotubes has a significant impact, particularly on their 
electronic properties. While graphite is a semi-metal, carbon nanotubes exhibit both 
semi-conducting and metallic behaviour [13]. 
Carbon nanotubes can be single walled or multi walled structures. A multiwalled 
carbon nanotube is essentially an arrangement of concentric single walled nanotubes 
where each layer, or tube, may have a different chirality. The different layers are held 
together by secondary Van der Waals bonds at approximately the typical interlayer 
spacing of graphite. 
Single walled carbon nanotubes are usually preferred to multi walled nanotubes for 
fundamental investigations of structure/property relationships, since the additional 
interlayer interactions within multiwalled nanotubes make these CNT more complex 
systems. Even though, single wall CNTs exhibit greater mechanical properties or 
electronic conductivity for instance, for practical purposes however, multiwalled CNTs 
are often employed. Their greater availability, simpler onward processing and easier 
synthesis process and production output, compared to single-walled CNTs, makes 
them more attractive fillers in composite materials. 
2.4 Synthesis of carbon nanotubes 
Although a number of routes exist, three major synthesis methods have been proven 
to effectively produce carbon nanotubes namely: arc discharge evaporation, laser 
ablation and chemical vapour deposition. Due to the large amount of literature 
available, this review will primarily focus on the CVD method which is more relevant to 
this thesis, but short overviews of the other methods are also given for completeness. 
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2.4.1 Arc discharge evaporation 
lijima's nanotubes were obtained via arc discharge evaporation while working on the 
synthesis of fullerenes [1]. Typically, two graphite rods are used as the cathode and 
anode, between which arcing occurs when a DC voltage is applied. The graphite 
cluster on the cathode contains both carbon nanotubes and carbon nanoparticles. The 
clusters synthesized originally contained a very small amount of carbon nanotubes, but 
modifications of the procedure introduced later by Ebbesen and Ajayan [14] increased 
the nanotube yield. Figure 2-4 shows a schematic diagram of the arc-discharge 
apparatus for the synthesis of carbon nanotubes [15]. 
Vscuuin ! 
# 1 
Bectrode I 
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Top flange 
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Cathode mode 
Linear motion 
Feedthniugh 
Bectnade 
Connection 
Figure 2-4 Arc discharge evaporation apparatus [15] 
The chamber is linked to a vacuum line with a diffusion pump and to a helium supply. 
The anode is a long rod of approximately 6 mm in diameter and the cathode, a much 
shorter rod of 13 mm in diameter. Efficient cooling of the cathode, commonly using 
water, produces more cylindrical and homogeneous deposit rather than layered 
structures. A DC power supply is normally used and discharge is typically carried out 
at a voltage between 20 and 40 V and at a current in the range of 50 to 100 A. When a 
stable arc is achieved, the gap between the rods should be maintained at 
approximately 1 mm or less. Both single and multi-walled carbon nanotubes can 
separately be synthesized by arc-discharge evaporation by using a pure graphite rod 
for multiwalled nanotubes or by doping the graphite rod with metal particles to produce 
single-walled nanotubes. The He pressure in the evaporation chamber and current are 
the most important parameters for producing a good yield of high quality carbon 
nanotubes. The fibrous cluster on the cathode is made of hierarchical fibres which are 
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themselves made of bundles of smaller fibres, which are ultimately composed of 
carbon nanotubes. The technique however produces significant amount of 
carbonaceous by-products and therefore requires purification of CNTs after synthesis. 
The arc-evaporation process produces highly graphitized nanotubes, but suffers from 
limited production (usually a few grams) depending on the size of the graphite rod 
used. In addition, the purification steps necessary after processing increase the overall 
cost of these tubes. 
A relatively recent work from Ishigami et al. [16] may have opened new potential for 
the arc-discharge synthesis route. Their simplified process, shown in Figure 2-5, no 
longer requires pumps, seals, water-cooled vacuum chambers, purge-gas handling 
systems or change of graphitic rods as the process uses a constant feed of graphite 
[16]. Furthermore, the process could easily be scaled up for industrial production level. 
However, purity of the product was not specified. 
Ijqutd Nitrogen Inlet 
(I Mimvwi VI y • l "c(J Cirafrfulc Rixl 
Q) 
i.jqnul Nimgcn 
& nm . 
.MWVIs t l.ii|uiil Nitrogen 
Figure 2-5 Improved arc discharge evaporation developed by Ishigami eta/. [16] 
2.4.2 Laser ablation 
In 1995, Smalley's group at Rice University (Houston, TX, USA [17]) reported the 
synthesis of carbon nanotubes by laser ablation [17]. In this process, a laser is 
employed to vaporize a graphite target held in a controlled atmosphere furnace at 
1200 -C, A gas carrier, helium or argon, pressurized at 500 Torr, transports the carbon 
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vapour onto a water-cooled copper collector (Figure 2-6). The condensed material 
found on the collector has a high proportion of carbon nanoparticles and highly 
graphitised nanotubes. The method is related to the electric arc approach, but uses a 
different energy source to evaporate the graphite. 
Ai'son Flow 
Laser 
Fimiace 
Gi'owiiia uanotiibes 
j Copper collector 
Gi-apliite target 
Figure 2-6 Schematic of a laser evaporation process 
This technique has mainly been used for the production of ropes of single-walled CNTs 
(SWCNTs). The method has several advantages for the production of high-quality 
SWCNTs with good diameter control but the yield is again to gram quantities and 
equipment is expensive [18]. In addition, as for the arc method, a purification step is 
necessary to separate the nanotubes from other carbonaceous by-products. 
2.4.3 Catalytic Chemical Vapour Deposition (CCVD) 
The output limitations of the arc-discharge and laser ablation techniques motivated the 
development of gas-phases techniques where the carbon source is provided by the 
decomposition of the hydrocarbon gas [18]. The process can easily be scaled-up to an 
industrial level as the carbon feedstock is continuously replaced by the flowing gas. 
Several companies have annual production in the range of hundreds of tonnes. The 
use of carbon nanotubes in composite materials requires a high yield synthesis 
method which can produce high-purity and useable material (i.e. easily dispersible). A 
unique aspect of catalytic CVD is the ability to synthesize aligned arrays of controlled 
length and diameters with fewer carbonaceous impurities in comparison to other 
processing routes [19-21], as discussed in detail below. 
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Growth mechanism of carbon nanotubes via catalytic chemical vapour 
deposition 
Various researchers have proposed mechanisms to account for carbon filament growth 
by pyrolysing hydrocarbons over metal catalysts [9, 10, 22]. The following mechanisms 
are now widely recognised: 
Carbon diffusion through catalytic particles is also known as tip growth mechanism. 
Baker and co-workers [9] found that decomposition of acetylene on the exposed 
surfaces of the metal catalyst resulted in the formation of bimolecular hydrogen and 
carbon species. The carbon can then diffuse through the catalytic particle and 
precipitate at the end of the growing filament (Figure 2-7). The exothermic nature of 
hydrocarbon decomposition results in a temperature gradient across the catalyst, 
which appears to be a crucial factor associated with the model in question. Carbon is 
precipitated at the colder zone of the particle, allowing the filament to grow. This 
process continues until the catalytic activity of the leading particle is neutralised or 
surrounded by a carbon layer. Some recent efforts focused on preserving the catalytic 
properties of the metallic particles by using a mild oxidizing agent, such as alcohol [23] 
or water [24], during the reaction in order to delay the deposition of carbon around the 
particle. A slight variation of the tip growth mechanism was suggested by Oberlin et al. 
[10] considering that the carbon diffuses "on" (as opposed to through) the surface of 
the metal particle and precipitates at the colder end of the particle. 
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Figure 2-7 Growth mechanisms of carbon filaments by a catalytic vapour deposition method 
corresponding to the tip-growth model advanced by Baker et al. [9](top) and Oberlin et al. [10] 
(middle), And the root growth mechanism suggested by Baker et al. [22](bottom) 
Later work from Baker and co-workers on the decomposition of acetylene passed 
over Fe-Pt substrates [22] showed that the growth mechanism is governed by the 
combination of catalyst particles and substrate. The combination produced a root 
based mechanism where the catalyst particle remained attached to the substrate 
as represented at the bottom of Figure 2-7. 
Within pyrolytic processes, carbon diffusion parameters depend critically on the 
dimensions of the particles, the transition metal characteristics used as catalyst, the 
synthesis temperature and gases (carbon feedstock or gas carrier) involved in the 
process. These synthesis parameters, govern in turn the diameter, purity, type 
(single or multiwalled) and crystallinity of the nanotubes being produced. The 
catalyst can either be a single or combination of transition metals. For instance, 
both single and multiwalled CNTs have been grown using Co, Fe, Ni or their 
mixtures [25, 26]; the resulting diameter depends on the catalytic particle size. 
Furthermore, mixed catalysts tend to yield larger amount of material and contain 
fewer defects. 
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Synthesis of aligned multi-walled carbon nanotubes 
Templating methods have been successfully applied to produce ensembles of aligned 
and monodispersed tubules of graphitic carbon with diameters as small as a few nm. 
C2H2 is pyrolyzed in alumina templates yielding graphitic carbon nanofiber and 
nanotube ensembles (with diameters as small as 20 nm and lengths around 70 pm) 
[27-29]. Large arrays of self-oriented monodispersed carbon nanotubes were also 
prepared by CVD decomposition of hydrocarbons on patterned porous silicon [30, 31] 
or within the pores of activated silica [32]. Similarly, SWCNTs have been also 
synthesized in 1-nm channels of porous crystallites [33]. Tang et al. [34] fabricated 
mono-sized and parallel aligned SWCNTs in 0.73 nm sized channels in microporous 
aluminophosphate. 
Typical templates are alumina membranes which have uniform, parallel pores that are 
obtained by anodizing aluminium sheet in sulfuric, oxalic, or phosphoric acid [35]. 
Dimensions of the pores are tuneable in the range of 4 to several hundred of 
nanometres, making it an ideal template material for creating arrays of cylindrical 
nanostructures. To grow carbon nanotubes, a small amount of catalyst particles is 
electrochemically deposited into the pores. The prepared template film is subsequently 
placed into a reaction chamber at high temperature (=650 °C) with flowing hydrocarbon 
gas. Open-ended carbon nanotubes thus grow from the template having diameters 
matching the original pore size. Xia et al. [36] subsequently used this highly ordered 
composite film to study the fracture mechanisms of nanotube-reinforced alumina 
composites. Alternatively, the template can be etched away in a solution of phosphoric 
and chromic acids to leave free standing nanotubes array (Figure 2-8) [36]. 
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Figure 2-8 Highly ordered multi-walled carbon nanotubes obtain by etcliing thie alumina template 
[36] 
The injection catalyst CVD process was originally developed by Rao et al. [37] by 
pyrolysing organometallics catalysts and benzene mixtures in a reducing environment. 
The advantage of this technique is that the area over which the nanotubes grow is 
greatly extended and no pre-deposition or preparation of catalysts is required. 
Therefore, the growth of nanotubes occurs on all surfaces of the reaction chamber, 
thus maximizing the total output, as pointed out by Andrews etal. [38]. It is thought that 
the nanotubes grow in an orderly fashion due to overcrowding and/or van der Waals 
interactions between the tubes. Originally, a double stage furnace was employed 
whereby the organometallic catalysts were sublimed from the first stage and nanotube 
growth took place in the second stage at temperatures ranging between 700 and 
1100-C. Andrews et al. [38] improved the original injection catalyst route by supplying 
a ferrocene/xylene solution continuously with a syringe pump, enabling a better control 
of the carbon/catalyst ratio. Pure multiwalled nanotubes were thus grown at 675 -C 
aligned and perpendicular to the quartz substrates. Singh et al. [21] reported on the 
production of aligned nanotubes grown at temperatures between 590 and 850 °C and 
they obtained a maximum yield at 760 °C. Their diameter and diameter distribution of 
the nanotubes were observed to increase with increasing temperature and ferrocene 
concentration. 
Synthesis of aligned single walled carbon nanotubes 
The production of aligned single walled CNTs is of even more interest than multi-
walled arrays for potential applications in field emission devices, chemical sensors or 
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optical devices for telecommunications. Synthesis of centimetre long strands of 
ordered single-walled carbon nanotubes ropes have been produced by Ajayan et al. 
[39] by floating catalyst method in a vertical furnace using n-hexane, ferrocene and 
thiophene at 1200 -C and H2 as a gas carrier. 
Horizontal alignment on a substrate surface has been achieved by employing a strong 
electric of magnetic field but it is only recently that vertically aligned mats of single 
walled nanotubes have been synthesised. 
lijima et al. [24] reported that a controlled addition of water in the CVD process yielded 
not only purer material, i.e. without any amorphous carbon, but also that the nanotubes 
grew in a orderly fashion perpendicular to the substrate. Water-assisted growth was 
successfully carried out on various catalysts that generate SWCNTs, including Fe 
nanoparticles from FeCIs and sputtered metal thin films (Fe, Al/Fe, AlgOs/Fe, AI2O3/C0) 
on Si wafers, quartz, and metal foils [24]. Their results demonstrate the generality of 
the approach as summarized in Figure 2-9. Aligned architectures were also achieved 
by patterned catalysts deposited by lithography onto the substrates. 
At about the same time, Murakami et al. [23] fabricated densely packed single walled 
carbon nanotube arrays. In their technique, ethanol CVD was employed with Co-Mo 
catalysts supported on quartz or silicon substrates. The alcohol decomposition was 
carried out in vacuum at 800 -C. The alignment was noticed to be dependent on the 
Ar/Ha gas flow. A continuous supply of gas led to a dense vertically aligned single 
walled carbon nanotubes film of several microns thick [23] while cutting off the gas 
supply during the CVD reaction yielded in a random growth of CNTs parallel to the 
substrate [40]. 
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Figure 2-9 SWNT forest grown with water-assisted CVD. (A) Picture of a 2.5mm-tall SWNT forest 
on a 7x7mm^ silicon wafer with a matchstick head as a scale reference. (B) SEM image of the 
same SWNT forest. (C) SEM image of the SWNT forest ledge. Scale bar, 1 pm. (D) Low-resolution 
TEM image of the nanotubes. Scale bar, 100 nm. (E) High-resolution TEM image of the SWCNTs. 
Scale bar, 5 nm. ([24]) 
2.5 Properties of CNTs 
2.5.1 Theory 
We consider the case of defect-free nanotubes, both single-walled and multi-walled. 
The stiffness constant for a SWNT can be calculated in a straightforward way by using 
the elastic moduli of graphite because the mechanical properties of single-crystal 
graphite are well understood. To a good approximation, the in-plane elastic modulus of 
graphite is 1060 GPa (Eo), which gives directly the on-axis Young's modulus for a 
homogeneous SWCNT. To obtain the stiffness constant, one must scale the Young's 
modulus with the cross-sectional area of the tube, which gives the scaling relation 
(Equation 1) [41]: 
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E = E^ / ' ) Equation 1 
^0 
where Ao and ro, are the cross-sectional area and radius of the nanotube, and Ai and 
ri are the cross-sectional area and radius of the hole. Because we derive the tensile 
stiffness constant from the material properties of graphite, each cylinder has a wall 
thickness equivalent to that of a single graphene sheet in graphite, namely, 0.34 nm. 
We can, thus, use this relationship to calculate the tensile stiffness of a SWCNT, which 
for a typical 1.0 nm diameter tube is about 75% of the ideal, or about 800 GPa. In the 
literature, results are usually normalized against the cross section of graphite instead 
of tube cross section, thereby slightly overestimating the stiffness of CNTs. 
The in-plane thermal conductivity of pyrolytic graphite is very high, second only to 
diamond, which has the highest measured thermal conductivity of any material. The 
stiff sp^ bonds, resulting in a high speed of sound, make monocrystalllne diamond one 
of the best thermal conductors. An unusually high thermal conductivity should also be 
expected in carbon nanotubes, which are held together by even stronger sp^ bonds. 
Berber et al. [42] employed molecular dynamics simulation to predict the thermal 
conductivity of an individual armchair (10, 10) single walled carbon nanotube and 
obtained an astonishing conductance of 6600 W/mK at room temperature, more than 
twice that of diamond with =3000 W/mK. 
2.5.2 Measured properties 
The first measurement of the Young's modulus of MWCNTs came from Treacy and co-
workers [43]. TEM was used to measure the mean-square vibration amplitudes of arc-
grown MWCNTs over a temperature range from room temperature to 800 -C. The 
average value of the Young's modulus derived from this technique for 11 tubes, was 
1.8 TPa with a wide range of values, 0.40 TPa being the lowest and 4.15 TPa the 
highest. The authors suggested a trend for higher moduli with smaller tube diameters. 
The method of measuring thermal vibration amplitudes by TEM has been extended to 
SWCNTs at room temperature [44]. The average of 27 tubes gave a value of 
E=1.4±0.5 TPa, but there were systematic errors in measuring the temperature and the 
nanotube length, which led to an underestimation of the stiffness. Salvetat et al. [45] 
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measured the mechanical properties in bending using an Atomic Force Microscope 
(AFM) on three types of nanotubes. Arc discharge nanotubes were found to have a 
similar stiffness to that obtained by Wong et at. [46] using a similar approach, with a 
value of 810±410 GPa. Meanwhile, CVD grown nanotubes exhibited stiffness values 
an order of magnitude lower at 0.45 TPa [47]. This considerable drop is attributed to 
the poorer degree of crystallization and greater concentration of defects in the 
graphene layers. Single walled carbon nanotube bundles were not found to have 
greater stiffness than good quality multi walled CNTs with an average value of 1.3 TPa 
[46]. 
Yu et al. [48] measured the tensile strength of arc grown multi walled nanotubes using 
a modified SEM stage where one individual nanotube was mounted onto two AFM 
cantilever probes. The failure of the nanotube occurred in the outermost layer followed 
by a pull-out effect. The measured tensile strength of the outer layer ranged from 11 to 
63 GPa which is significantly greater than high quality (PAN) carbon fibres (<3 GPa). 
Xie et al. [47] also conducted measurements of the tensile strength and Young's 
modulus of ropes of CVD grown nanotubes and obtained an average value of 3.6 GPa 
and 450 GPa, respectively. 
Table 2-1 As-reported measured mechanical properties of carbon nanotubes 
Young's modulus Yield strength Bending 
(TPa) (GPa) strength (GPa) 
MWCNTs Arc 
discharge 
1.3±0.6 [46] 
0.8±0.4 [45] 10-60 [48] 14.2 [46] 
MWCNTs CCVD 0.45 [47] 3.6 [47] -
SWCNTs 1.4±0.5 [44] 1.0 [49] - 14.2 [49] 
Kim etal. [50] reported a measured thermal conductivity of a single multi walled carbon 
nanotube of 3000 W/mK. However, other reports [51, 52] suggested a more modest 
conductivity being in the order of magnitude to that of bulk graphite (=200 W/mK). 
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In 1996, electrical conductivity measurements were carried out by Dai [53] and 
Ebbesen [13] on individual multiwalled carbon nanotubes which demonstrated that 
each individual tube exhibits specific electronic characteristics, which can lead to either 
metallic or semiconductive behaviour (resistivities at 300 K of about 1.2x10"'^  to 
5.1x10 ^ Q.cm). Ebbesen [13] also established that the electronic structure depends 
upon the chirality of the tube, thus an armchair structure will always exhibit metallic 
behaviour while a zigzag structure can be metallic or semiconductor, but MWCNTs are 
always metallic. In addition, the extremely large current density that nanotubes can 
convey (10^-10^° A/cm^) [54], and their ballistic behaviour (long electron mean free 
path) [55] make carbon nanotubes a unique candidate for nanoscale electronic 
components and devices [56]. 
Carbon black and fullerenes have been found to be good optical limiters to protect both 
the human eye and laser sensors [57, 58]. Carbon nanotubes are also being 
investigated in optical limiting devices as they display non-linear optical transmission 
over a wider wavelength than fullerenes or carbon black [58]. 
Carbon nanotubes can be modified with functional groups thus enabling the possibility 
of tailoring their adhesive strength with the host material providing stronger, stiffer 
composites for structural applications. Alternatively, biological and bioactive species 
(carbohydrates, proteins or DNA) [59] can be grafted to the surface functionalities for 
bio-medical applications. In this respect, biocompatibility, high surface area and tubular 
structure are some the CNT characteristics that are relevant for biomedical devices, 
biosensors, drug delivery systems or biocompatible matrices where CNTs are to be 
used to restore, maintain or reinforce weakened tissues [59-63]. 
Possibly one of the most likely world wide commercial applications of CNTs will be in 
field emission displays in which each individual CNT acts as an individual electron gun. 
Samsung (Seoul, South Korea) demonstrated as early as 1999 a working display 
employing this technology [64]. 
Other potential applications of CNTs include energy conversion and storage devices 
(photovoltaic cells, fuel cells, batteries) [27, 65-70] and electrochemical devices 
(supercapacitors and actuators ) [71-76]. 
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Chapter 3 Carbon nanotube-reinforced brittle matrix 
composites 
3.1 Introduction to ceramic matrix composites 
Ceramic materials generally have higher hardness, stiffness and strength than metals 
or polymers. They also benefit from low density, low thermal expansion coefficient and 
modest thermal and electrical conductivities and have overall the best specific strength 
and stiffness ratios, as displayed in Figure 3-1 [77]. 
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Figure 3-1 Specific mechanical performance of engineering materials [77] 
Their greatest drawback, in comparison to metals, is their extremely low fracture 
toughness which makes them very sensitive to crack-like defects. Substantial gains in 
performance can be attained in advanced aerospace propulsion, power systems, and 
combustion or heat engines if structural ceramics were employed. The energy 
dissipating phenomenon missing in brittle matrices during deformation leads to 
catastrophic failure. Materials scientists thus have attempted to incorporate various 
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reinforcing phases such as fibres, whiskers or particles to improve the toughness of 
monolithic ceramics. Carbon nanotubes are the next materials being investigated to 
improve the mechanical performance of brittle matrices. The peculiar one-dimensional 
nano-scale nature of CNTs may trigger novel mechanisms previously unseen for larger 
phases [36] while the large aspect ratios of as-produced nanotubes (typically in the 
range of 10^-10^) have the potential to greatly enhance the toughness of the composite 
by maximizing the energy absorbed. Alternatively, the physical properties of CNTs 
could offer improvements in other mechanical properties or give rise to functional 
ceramics with improved electronic, thermal and/or biocompatible properties. 
In this chapter, past and current research work on micro-phase reinforced ceramic 
matrix composites is briefly reviewed and the current work on carbon nanotubes-
containing ceramic matrix composite is considered in detail. 
3.2 Current methods to reinforce CMCs 
3.2.1 Fibres 
For optimum strength and stiffness, continuous or chopped fibres of length greater 
than a the critical length (Ic) should be unidirectionally aligned parallel to the tensile 
axis to prevent the occurrence of shear deformation or bending moments which would 
reduce the fibres effective tensile strength. The critical length has been defined by 
Kelly etal. [78] and it is expressed as: 
I <j 
_S_ > Equation 2 
r I t 
where Ic is the critical length, r the radius of the fibre, CTmaxthe breaking strength of the 
fibre and x the interfacial bonding strength. A strong chemical or frictional bond is 
desirable to promote load transfer from the matrix to fibres. 
For optimum toughness however, fibre pull-out is essential and weak interfaces are 
therefore required to promote delamination and friction effects [79]. Weakening of the 
interface could be for example achieved by coating the fibres before synthesis. 
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Due to its good mechanical properties and availability, SiC is a very common 
reinforcing fibre in CMCs but other materials have been employed as indicated in 
Figure 3-2. As a comparison, the performance of CNTs is also shown on the diagram. 
While no differentiation is made on the diagram between defective and highly 
crystalline CNTs, CVD grown nanotubes would be located in the lower left hand corner 
while arc grown CNTs in the upper right hand side of the CNT area. 
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Figure 3-2 Tensile strength vs. Young's modulus plot of commonly employed fibres in CMCs 
showing also the data for CNTs. CVD grown CNTs exhibit the lowest strength and stiffness 
(lower left region) while arc-grown or graphitized CNTs would be located in the upper right 
corner of the shaded area. 
3.2.2 Whiskers 
Whiskers are monocrystalline short fibres which are less defective than longer and 
larger fibres. Their strength usually approaches the theoretical values of the material 
because of the absence of crystalline imperfection or grain boundaries. Their 
dimensions can vary from a few microns in diameters and a few millimetres in length. 
Their greatest disadvantage is the large variation of dimension and properties as well 
as the difficulty in dispersing and/or aligning the whiskers in a specific direction. In 
these respects, whiskers are very similar to CNTs. The most common materials 
employed for whiskers are silicon carbide (0=8 GPa, E=580 GPa) and silicon nitride 
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because of their availability, but boron nitride is also preferred because of its oxidation 
resistance and very low density, matching that of carbon fibres [80]. 
3.2.3 Particles 
The use of particles in ceramic matrix composites is mainly targeted to toughen the 
host matrix by a variety of toughening mechanism such as phase transformation, 
microcracking or crack deflection [81]. Common ceramic particles include WC, SiC, 
ZrOa or YSZ [82-84] as well as ductile fillings such as Mo or Ni [85]. Platelets (mainly 
SiC and AI2O3) have also been used as reinforcing elements in ceramic matrices [86-
88], 
3.3 Toughening meclianisms observed in CIVICs 
Extensive efforts have been devoted to the subject of toughening ceramics by 
developing a variety of composite structures. The resulting toughening mechanisms 
depend on the nature of the reinforcing phase employed. Usually, a number of different 
mechanisms will contribute simultaneously, but to varying extents, to the overall 
toughness increase in the composite. A brief summary of the major toughening 
mechanisms observed in conventional composite systems is presented in this section; 
Table 3-1 summarises a number of CMC systems and the associated improvements in 
fracture toughness that have been reported. 
3.3.1 Transformation tougliening 
This mechanism involves a phase transformation of a secondary phase particle near 
the crack tip which acts to reduce the local stress intensity factor. The transformation is 
associated with a volume expansion which, in turn, generates compressive stresses in 
the region surrounding the particle thus delaying the crack propagation. This 
phenomenon is particularly associated with zirconia-toughened alumina (ZTA), in 
which the crack stress field induces a martensitic transformation in the metastable ZrOg 
particles from a tetragonal to a monoclinic phase. The level of toughening can be 
estimated by Equation 3 [80, 81]. 
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AATrr = Equation 3 
in which, is the volume fraction of metastable zirconia particles, Ag is the volume 
strain associated with the transformation, Em is the Young's modulus of the alumina 
matrix and ro is the width of the process zone around a crack interacting with a 
transformed particle. The transformation toughening mechanism can yield AlaOs-ZrOa 
composites with Kic values in the order of ~9 MPa.m^'^ [89-91]. 
3.3.2 Microcracking 
Microcracking of the ceramic matrix can be the result of two separate mechanisms: 
• A difference between the thermal expansions of the matrix, Om, and the 
reinforcing phase, Of, can lead to significant residual thermal stresses in the composite 
upon cooling from the processing temperature. Depending on the stress distribution 
between the particles and the matrix, circumferential (af>am) or radial (af<am) 
microcracking geometries can be observed. 
• Microcracking can be also associated with the local stresses generated during 
the transformation toughening mechanism as discussed in section 3.3.1. 
The fracture toughness increase by the microcracking mechanism is mainly attributed 
to the interaction of the primary crack and the existing microcracks (as a result of any 
of the mechanisms mentioned above) which reduces the matrix strain energy leading 
to crack blunting, branching or deflection. Values of Kic associated with microcracking 
toughening in the AlaOs-ZrOa system are of the order of ~9 MPa.m^'^ [89-91]. Although 
this mechanism can lead to an increase in toughness, it is usually at the expense of 
strength since the microcracks will increase the defect density in the material. 
3.3.3 Crack deflection 
The inclusion of a reinforcing element in a brittle matrix will generally deflect the 
growing crack front away from the principal direction [80], leading to a reduced stress 
intensity at the crack tip, and a longer crack path length. In this case, the crack 
becomes non planar. The deflection may be a tilting or twisting motion around the 
reinforcement. The tendency for crack deflection relates to the strength of the interface 
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between the constituent phases, and any residual stresses or microcracks that may be 
present. The degree of toughening also depends on the volume fraction of reinforcing 
elements (commonly up to -15 vol%) and the aspect ratio of the reinforcing phase [79]. 
3.3.4 Crack Bowing 
Crack bowing effects can occur in the event of an elastic modulus mismatch between 
the composite constituents (EF»EM) and/or thermally induced residual stresses. It is 
the result of the resistance of the reinforcement to fracture, leading to a nonlinear crack 
front. The crack front effectively becomes pinned at the reinforcement phase; upon 
further propagation, there is a gradual decrease in the stress intensity factor along the 
section (in the matrix) that bows out between the pins and an increase in crack length. 
At the same time the stress intensity increases in the reinforcement until it reaches the 
local fracture toughness value, at which point, the crack breaks the pin and continues 
to advance through the composite structure. Crack bowing toughening is usually most 
effective with a relatively high volume fraction of inclusions with high aspect ratio [81]. 
Fibres with high fracture toughness will therefore enhance this mechanism by 
maximising the degree of bowing. 
3.3.5 Fibre Debonding 
Debonding of the fibre/matrix interface is especially relevant to fibre reinforced 
composite, and is required for other mechanisms to become active, including crack 
deflection, fibre pull-out and crack bridging. Debonding implies the creation of two new 
surfaces at the fibre/matrix interface, and the release of any local, stored strain energy 
associated with the interface. The maximum energy associated with the debonding of a 
fibre over a distance, /, can be estimated as [80, 81] 
Gn f(cr Equation 4 
* 82/ J / D 
where D is the diameter of the fibre, r is the interfacial shear strength, and Ef and Of 
are the Young's modulus and tensile strength of the fibre respectively. To maximize the 
toughening due to debonding, a large volume fraction of strong fibres should be 
employed with a relatively weak interfacial strength to maximize the debonding length. 
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3.3.6 Pull-out 
Toughening of ceramic composites by pull-out of the inclusions can be significant when 
high aspect ratios fibres are employed. This mechanism can not occur without 
debonding at the interface. Depending on their aspect ratio, the fibres may have to 
fracture before pull-out; the variation in strength along typical fibres means that the 
fracture, in general, does not occur at the crack plane (where the fibre stress is 
highest) but some distance away - leaving a length of fibre to be pulled-out. A 
relatively weak interface is promotes the delamination and pull-out of longer lengths of 
fibre. The energy absorbed through friction during fibre pull-out can be considerably 
greater than the energy of debonding. The work of fracture Gc can be estimated as [80, 
81]: 
1 , 
G ^ = — V j - a r T Equations 
where Vf the volume fraction of fibres, a is the aspect ratio, r is the interfacial shear 
strength and r the radius of the fibre. 
3.3.7 Wake toughening 
Wake toughening, also referred as crack bridging can be especially effective in fibre 
and whisker reinforced composites. The stresses transferred to the fibres act as crack 
closure traction forces which reduce the stress intensity factor at the crack tip, 
hindering crack propagation. The toughness increment for whiskers has been 
estimated by Becheretal. [92] who found : 
1 K. AK = - — ' ^ ^ Equations 
" 2 ^ 2 
where Ec and Ew are the Young's modulus of the composite and whisker respectively, 
Gm is the initial strain energy release rate of the matrix, Gi is the critical strain energy 
release rate of the interface, r the whisker's radius, v the Poisson's ratio, Vw the 
whisker volume fraction and Owu the typical ultimate strength of the whiskers. 
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3.3.8 Thermal stresses 
The inclusion of a phase with a different coefficient of thermal expansion (a) to that of 
the host material generates residual thermal stress field upon cooling from the 
processing temperature. These complementary compressive and tensile stress fields 
depend on the relative coefficients of thermal expansion of matrix and inclusion. When 
am>cif tensile stresses are generated in the matrix while compressive stresses are 
induced in the reinforcement. Conversely, when am< Of compressive stresses in the 
matrix directly oppose crack opening and can promote other toughening mechanisms 
such as transformation toughening or microcracking. The toughening increment 
associated directly with the presence of residual compressive stresses has been 
estimated by Taya et al. [93]: 
AK,^ ~ -2cr^ — ~ Equation 7 
V TT 
where Qr is the average matrix residual stress normal to the crack plane, d is the 
average inclusion size and A is the interparticle spacing in the crack plane. 
3.4 Mechanical properties of ceramic matrix composites reinforced with 
conventional reinforcing phases 
The range of experimentally observed toughening and strengthening effects are 
summarized in Table 3-1 for a number of different CMC systems with particulate and 
whisker reinforcement. For ease of interpretation, a graphical representation of the 
data is shown in Figure 3-3. 
A closer look at the data reveals that the fracture toughness of CMCs is greatly 
increased (typically > 50%) whereas the strength is only moderately improved. The 
higher toughening increase is usually reported when whiskers are employed with a 
maximal increase of 257% for an alumina-SiC whisker system [94]. Nevertheless, the 
majority of the composites reported in the literature show an increase in both strength 
and toughness over their monolithic counterparts. 
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Figure 3-3 Mechanical performance enhancement observed on reinforcing ceramics or glass 
matrices with particles or whiskers. Data plotted from Table 3-1. 
3.5 Surface modification and dispersion of CNTs 
Tine interfacial strength of the reinforcing phase to the matrix has a tremendous 
influence on the final structural properties of the composite. Improvement in 
tensile/compression strengths require strong interfacial strength while toughening 
depends on weak interfaces to promote interfacial debonding and fibre pull-out. 
Whiskers, which are the closest analogue to CNTs, usually require a relatively weak 
interfacial strength to maximize crack deflection, the main toughening mechanism in 
this system, and optimal dispersion to prevent local porosity and/or whiskers-free 
areas. 
As-produced carbon nanotubes are intrinsically inert, hydrophobic, have various 
degree of entanglement, contain catalytic particles and may be covered by amorphous 
carbon. Although as-produced CNTs may be more effective as toughening elements in 
CMCs because of their low reactivity, a purification step is necessary to remove all 
unwanted material (synthesis by-products) and improve the dispersability. 
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Table 3-1 Summary of the toughening and strengthening effects observed in selected CMCs 
Materials K,c (MPa.mT") Flexural Strength (MPa) 
(Matrix+ Reinforcement) Matrix Composite Increase (%) Matrix Composite 
Increase 
(%) 
Ref. 
AI2O3+15 vol% B4C (w) =4 =7.5 88 =400 =500 25 [95] 
AI2O3 + 5 v o l % B4C (p) =4.0 =5.5 38 =400 =600 50 [95] 
AI2O3 +30 wt% Sialon 3.5 4.3 23 
- - -
[96] 
AI2O3 + 3 0 v o l % S i c (w) 5.0 9.5 90 385 650 69 [97] 
AI2O3 +20 vol% Sic (w) 4.6 8.7 89 600 800 33 [98, 99] 
A I 2 O 3 + I 5 v o l % S i C (w) 
-
7.0 
- - 330 - [100] 
AI2O3 + 3 0 v o l % S i C (w) 2.1 4.6 119 
- 652 - [101] 
AI2O3 + 4 0 \ /o l% S i C (w) =4.0 =8.0 100 =480 =700 46 [102] 
AI2O3+25 v o i % S i C (w) =3.0 =10.7 257 =550 =550-600 0 [94] 
Al203+5vol%SiC (p) 3.0 4.5 50 
- - -
[103] 
AI2O3+30 \ /o i% S i C (p) 4.3 =7.0 63 610 480 -21 [104] 
AI2O3+5 vol% TiB2 (p) =4.0 =6.5 63 =420 =650-700 55-67 [105] 
AI2O3 + 1 5 v o l % Z r 0 2 (p) =5.5 =9.0 64 =320 =480-940 
-
[89] 
AI2O3 +5-8 vol% ZrOg (p) =5.0 =8.0 60 =450 =600 33 [90] 
AI2O3 + 2 0 v o l % Z r 0 2 (p) 4.7 8.7 85 - - - [91] 
AI2O3 + 1 5 v o l % ZrOz (p) =3.5 =5.7-6.0 - - - - [106] 
A!203+12 voI% ZR02 {single crystals) + 40vol% 
T Z P 
-
=12.0 
- - - -
[107] 
Mullite +30 wt% SiC (w) 2.5 3.5 40 180 386 114 [108] 
Mullite +30 wt% SiC (w) =2.3 =4.7 104 =350 =500 25-43 [109] 
Mullite +35 wt% Y-Zr02 =2.3 =4.7 74 400 400-450 - [109] 
Mullite +30 wt7o SiC (w) +35wt% Y-Zr02 =2.3 =6.2 170 400 =700 75-100 [109] 
Mullite +10 vol% SiC (w) 1.8 =2.5 39 191 =225 34 [110] 
Mullite +10 vol% SIC (p) 1.8 =2.4 33 191 =260 36 [110] 
Mullite +Zr02 (p) 2.0 3.0 50 - - - [111] 
Mullite +15 vol% Zr02 (p) 2.0 =3.1 55 - - - [112] 
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Mullite +20 vol% SiC (w) 2.0 =4.7 135 
- - - [112] 
Mullite +20 vol% Zr02 (p) + 20 vol% SiC (w) 2.0 7.0 250 
- - - [112] 
SiAION + 10 vol% Y-ZrOs 3.1 5.5 77 
- - -
[113] 
SiAION + 20 vol% Y-ZrOs 3.1 6 94 [113] 
SiAION + 30 vol% Y-ZrOs 3.1 7.5 142 [113] 
SiC + TiBj (p) 4.6 8.0 74 [114] 
SiC + 25 vol% TiC (p) 4.0 6.0 50 500 >700 >40 [99] 
SiC + 40 vol% TiC (p) =1.8 =6.0 233 [115] 
SisNA + 30 vol% SiC (w) 4.5 6.4 42 750 950 27 [116] 
Si jNi + 20 vol% SiC (w) =3.0 =4.2 40 =500 =500 0 [117] 
Si3N4 + 20 vol% SiC (w) =5.0 =7.5 50 =700 <600 
-
[118] 
Si3N4 + 20 vol% SiC (w) =5.0 =8.5 70 =700 >400 
-
[118] 
SiaNi + 20 vol% SiC (w) + 20vol% SiC (p) =5.0 =10 100 =700 =400-500 
-
[118] 
Si3N4 + 20 wt% SiC (w) 7.5 10.2 36 
-
1300 
- [119] 
Si3N4 + 30 vol% Si3N4 (w) 4.0 =8.0 100 650 =650 0 [120] 
Si3N4 + 20 vol% TiC (p) 4.7 7.0 49 
- - -
[121] 
SisNjO +30 vol% SiC (w) =3 =6 100 =400 =750 88 [122] 
TiB2 +30 vol% SiC (w) =5.0 =7.0 40 =450 =550 22 [123] 
TiBz +15-45 vol% ZrOg =5.5 6.5-9.5 18-73 
- - -
[124] 
TiC +15 vol% SiC (w) =4.0 =6.0 50 =550 =700 27 [123] 
B2O3 +30Vol% Va (p) 0.70 1.17 67 55 61 11 [125] 
B2O3 +30Vol% AI203 (platelets) 0.77 1.92 150 56 150 167 [86] 
B2O3 +40Vol% Cu (p) 0.75 2.8 260 40 96 140 [126] 
(p) Particles, (w) whiskers 
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A thermal treatment at mild temperature in air (=350-400 °C) followed by washing in 
concentrated HCI is usually effective at removing catalytic particles and other 
carbonaceous material present in as-produced CNTs. The thermal oxidation slightly 
functionalizes the surface of the tubes with OH and COOH groups. This treatment 
preserves most of the integrity of the nanotube structure, however the nanotubes 
remain entangled and the low level of functionalisation prevents good dispersability in 
liquids or good chemical interaction with most host materials. To improve the 
dispersion, stability and/or chemical compatibility, surfactants can be employed. Nitric 
acid reflux, used with or without sulphuric acid, can purify and oxidize the surface of 
the tubes in one operation [127]. Under such aggressive conditions, defect sites in the 
CNTs are attacked, resulting in the formation of fragmented CNTs, decorated with 
carboxylic acid and hydroxide groups [128-130]. A representation of an oxidized CNT 
is shown in Figure 3-4. 
HOOC. 
HOOC 
COpH 
ZOOM 
COOH 
COOlT^  
Figure 3-4 Oxidized carbon nanotubes sliowing tlie various sites of interest. A: Five or seven 
sided aromatic ring B: R=OH or H, C: surface oxidation leaving two carboxylic acid sites D: 
open-ended CNT terminated by COOH, OH or H groups [131] 
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These polar groups electrostatically stabilize the nanotubes in polar liquids by 
developing a negative surface charge. Titration studies [132] suggested an extremely 
high concentration of acid groups with approximately 10^ ® sites per gram of nanotubes 
located at the tips and on the outer surfaces. In addition, these groups represent useful 
reactive sites to further modify the surface chemistry of the nanotubes or adsorb 
specific molecules. 
Direct plasma activation or plasma coating have been reported to effectively modify 
carbon nanotube surfaces without damaging the nanotube integrity as extensively as 
an acid reflux [133-135]. However the important initial investment and small amount of 
material being functionalized limits this applicability of this method. Thus, Dai et al. 
[134] made the surface of multi walled CNTs hydrophilic by plasma-coating a thin layer 
of acetaldehyde. 
3.6 CNTs/CMC fabrication mettiods 
3.6.1 Tempiate teclinique 
The template process is an interesting route to produce composite films [136]. Details 
of the fabrication process were provided earlier in section 2.4.3. In terms of utility, the 
method is very much restrained to thin membranes which can be employed for 
fundamental studies, as conducted by Xia et al. [36, 137], who investigated potential 
new fracture mechanisms in CNTs-containing brittle matrix composites. Besides the 
fracture mechanisms expected in fibre reinforced composite, such as crack deflection, 
crack bridging and pull out, the authors [36, 137] noticed that the pores and the CNTs 
within them had collapsed and buckled under load. Figure 3-5 shows the fracture 
mechanisms observed in their composite [36]. 
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c) d) 
Figure 3-5 Fracture mechanisms observed by Xia etal. [36] in an alumina film/CNT composite, a) 
Crack deflection, b) crack bridging, c) CNT pullout and d) buckling and collapse of the CNTs. 
The high degree of orientation of the CNTs is also of particular interest for field 
emission devices [138, 139]. 
3.6.2 Sol Gel method 
The sol-gel process is based on the reaction of inorganic networks through the 
formation of a colloidal suspension (sol) and gelation of the sol to form a network in a 
continuous liquid phase (gel) [140]. The precursors used to synthesize these colloids 
consist of a metal or metalloid element surrounded by various reactive ligands. Metal 
alkoxides are the most popular sol gel precursors because they are easily hydrolyzed 
with water. The most widely used metal alkoxides are the alkoxysilanes, such as 
tetramethyloxysilane (TMOS) and tetraethyloxysilane (TEOS). However, other 
alkoxides such as aiuminates, titanates, and borates are also commonly used in sol-
gel reactions. The sol gel process is governed by three reactions namely; hydrolysis 
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(a), water condensation (b), and alcohol condensation (c), which are represented in 
Figure 3-6. 
The characteristics and properties of a particular sol-gel inorganic network are related 
to a number of factors that affect the rate of hydrolysis and condensation reactions, 
such as pH, temperature and time of reaction, reagent concentrations, catalyst nature 
and concentration, HzO/Si molar ratio, aging temperature and time, and drying; the 
effects have been reviewed by Hench etal. [141]. 
Densification of the gels is usually achieved by hot pressing [142-146], spark plasma 
sintering [147] or laser irradiation [148]. 
CH3 CHs 
o o 
H3C-O-SI-O-CH3 + HjO ^ HjC-O-S-OH + CH3OH a) 
? ? 
CH3 CH3 
CH3 CMs CH3 
0 0 0 0 
H3C-0-SI-0H + HO-a-o-CHj ^1 H3C-0-SI-0-SI-0-CH3 + H2O b) 
0 0 0 0 I I I I CH3 CH3 CH3 CH3 
CH3 CH3 CH3 ^ 
0 0 0 0 
HJC-O-SHOH + H3C-O-SI-OH » H 3 C - 0 - A - 0 - A - O H + CH3-OH c ) 
0 O 0 0 
1 I I I CH3 CH3 CH3 CH3 
OH OH 
HO-SI-OH HO-SI-OH 
I I 
OH OH OH O O OH 
HO-a-o-g-oH + 6 SKOH)^  — H o - s i - o - a — o — s i - o — s i - O H + BHJO d) 
OH OH OH o O OH 
HO-A-OH HO-G-OH 
OH OH 
Figure 3-6 Chemical reactions taking place in the sol-gel reaction of TMOS. a) hydrolysis, b) 
water condensation, c) alcohol condensation and d) continuation of the condensation reactions 
and formation of a silicate network 
The fabrication of sol gel-derived composites containing CNTs has been investigated 
by numerous authors [72, 142, 145, 146, 148-153] but very few actually analysed the 
quality of the dispersion achieved in detail. Most authors employed as-produced CNTs 
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which were included in the sol as a dry powder and were dispersed by sonication [142, 
145, 146, 148-150, 154] or were added to the sol as a surfactant-aided suspension 
[70, 142, 145, 150, 153, 155]. Poor distribution was usually obtained when following 
these routes. A few authors [72, 152, 156, 157] have carried out chemical surface 
modification of the CNTs which is known to improve interfacial adhesion of the CNTs 
to the matrix in the composite and dispersability of CNTs in suspension [158]. The 
most noticeable achievement in terms of dispersion has been presented by DiMaio et 
al. [152] who, after a long and complex surface modification of the tubes, obtained 
dispersed single walls CNTs in a stabilised transparent silica matrix as seen in 
Figure 3-7. 
ism 
Figure 3-7 Optical micrograph of a stabilized 0.25wt% single walled CNT filled silica composite 
obtained by DiMaio etal. [152] 
3.6.3 Powder technology 
The powder processing route is the most cost effective and probably the most 
convenient method employed to produce ceramic matrix composites containing 
particles, whiskers or short fibres, due to the simplicity of the process. Typically, the 
reinforcing phase is blended with the ceramic (or glass) powder slurry and fired to 
remove any traces of solvents or binders. Homogeneity of the mixture can be improved 
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by using colloidal suspensions and wet mixing methods rather than by mechanical 
means (dry mixing). The dispersion and stability of the mixture can be controlled by 
modifying the surface chemistry of the particles and/or pH of the suspension which will 
lead to either adsorption or repulsion of the particles depending on their zeta-potential. 
This method was employed for example by Sun et al. [159-162], who modified the 
surface chemistry of the CNTs to decorate individual CNTs with alumina nanoparticles. 
Dried mixed powders can subsequently be cold pressed into rods, pellets or plates and 
densified in a furnace. Alternatively, uniaxial or isostatic hot pressing (HP) can be 
employed to density the green material. The later is usually preferred as it yields 
denser materials than pressure-less sintering. In this context, hot pressing was 
employed to produce alumina [4, 161, 163-165], boron carbide [166], silicon carbide 
[167], silicon nitride [168, 169], silicon oxide [170], TiB2 [171] or borosilicate glass 
[172] matrix composites containing carbon nanotubes. Improvement of the properties 
is directly linked to the quality of the dispersion of the CNTs in the matrix which, if 
aggregated, will lead to porous microstructures and a decrease in the overall 
mechanical performance of the material. A poor distribution of CNTs in the matrix has 
been usually found when the average particle size of the ceramic was in the micron 
range [166, 170, 172], while the use of colloidal or nano-size particles led to 
improvements [4, 161, 163, 165, 167]. 
Spark plasma sintering (SPS) is a less common powder densification method which 
consists in firing a pulsed DC current through a graphite die and into the conductive 
powder which, as opposed to conventional furnaces, heats the sample internally. The 
main advantage of this technique lies in the very high heating or cooling rate that can 
be achieved (up to 600 -C/min), hence the sintering process generally is very fast 
(within a few minutes) thereby preventing grains coarsening and, in case of CNTs, 
potential damage and oxidation to the CNT structure at high temperature. The major 
downside of the technique is the initial cost of the apparatus required and it is therefore 
not clear whether it will ever be widely employed in industry. In terms of CMCs 
containing carbon nanotubes, SPS was shown to be a very effective technique to 
density nanoparticulate alumina powder [160, 162, 163, 173-177] containing CNTs and 
BaTiOs/CNTs composites [178]. In fact, materials densified by SPS account for some 
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of best ceramic composite reinforced with CNTs [160, 162, 163, 173-176] in terms of 
mechanical performance. 
3.6.4 In-situ growth techniques 
Peigney et al. [179-189] synthesised several CNTs-oxide composites by an in-situ 
growth process. It is based on the incorporation of catalytic particles into the green 
oxide powder from which CNT growth occurs when placed at high temperature in a 
flowing hydrocarbon gas atmosphere. The advantage of the process is the relatively 
good dispersion of the CNTs achieved since they locally grow from the dispersed 
catalytic particles but is very limited to the use of as-grown CNTs since the material 
cannot be extracted for purification/surface modification once synthesized (refer to 
section 3.5). 
3.6.5 Electrophoretic Deposition method 
Electrophoretic deposition (EPD) is essentially a two step process that involves a 
combination of electrophoresis and deposition to form a relatively dense "green" 
coating on an electrode [190]. Electrophoresis, is the forced movement of stable non-
agglomerated (sol or colloidal) particles towards an electrode under the influence of an 
applied electric field. This movement occurs via the exploitation of the net surface 
electrostatic charge characteristics of the suspended particles. The second step 
involves the accumulation of these charged particles at the oppositely charged 
electrode where they coagulate to form a homogeneous coherent deposit as 
schematically represented in Figure 3-8. EPD has been used extensively in recent 
years for fabrication of CMCs [191, 192] and nanostructured [193] materials and it is 
considered to be a promising technique for the fabrication of CNTs containing 
materials [194]. The fundamentals of the method are given in some detail below, since 
EPD was used in this project to deposit CNTs. 
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Dispersing 
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Figure 3-8 Schematic representation of the EPD process for the case of negatively charged 
particles depositing on the anode of the cell 
(a) Electrophoresis 
The charge characteristics of the particles results from their dispersion in the liquid 
medium which leads to the formation of an electric double layer and a subsequent 
potential difference between the two phases [195]. This charge can be developed by a 
number of different mechanisms: 
1. Selective absorption of ions onto the solid particle from the liquid phase 
2. Dissociation of ions from the solid phase into the liquid 
3. Adsorption or orientation of dipolar molecules at the particle surface 
4. Electron transfer between solid and liquid phases due to differences in work 
function 
The mechanisms that operate depend on the particles, the nature of the dispersing 
medium (aqueous or organic) and the method by which the colloidal suspension is 
produced. An in-depth description of the charge formation in a variety of systems has 
been reviewed in detail [190, 196]. 
The formation of the double layer results from a high concentration of charged ions 
surrounding the oppositely charged particle in suspension, called the Stern layer 
(Figure 3-9). The outer edge of the Stern layer has a corresponding double layer 
potential that is commonly known as the zeta potential which originates from the 
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mechanical shearing of ions between the Stern and diffuse layers as the particle 
migrates in the solution. 
Diffuse Region + 
Shear Surface 
Charged particle 
Stern Layer 
Figure 3-9 Double layer and ions locations in the vicinity of a charged particle in an ionic media. 
Stability, or separation of the particles in suspension, is critically governed by the 
corresponding zeta potential of the particles and ionic concentration. As the zeta 
potential increases, so does the thickness of the double layer resulting in suspensions 
that are very stable against coagulation. 
(b) Deposition 
Although the first step of EPD, i.e. electrophoresis, is well understood [195], the 
second step of deposition is less so and has, therefore, been the subject of much 
study. Recently, several proposed mechanisms for deposition have resulted but, 
without full understanding or predictive modelling available, considerable work is 
needed to achieve optimum EPD conditions and is usually based on trial-and-error 
approaches [191]. Fukada et al. [197] reviewed in detail the understanding of the 
deposition process based on the analysis of Zhitomirsky [198] who suggested that the 
deposition mechanism theories can be separated into three types as follows: 
• particle accumulation 
• electrochemical coagulation or lowering of the zeta-potential 
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• electrocoagulation or charge-neutralisation 
These three components of the deposition process during EPD are discussed below. 
Particle accumulation 
The first attempt to explain the phenomenon of EPD was made by Hamaker and 
Verwey [199]. They suggested that the deposition via EPD is analogous to 
sedimentation due to gravitation while the primary function of the applied electric field 
is to move the particles to the electrode where they accumulate. The actual deposition 
of these particles then occurs via an increase in pressure due to incoming particles 
and those particles already present in the outer layer. Sarkar and Nicholson [196] 
noted, however, that the feasibility of this mechanism was only verified for deposition 
on substrates other than the electrodes such as a dialysis membrane. 
Electrochemical coagulation 
Electrochemical coagulation results from the reduction of repulsive forces between the 
particles in suspension [197]. An explanation for this mechanism was presented by 
Sarkar and Nicholson [196] when they considered an EPD cell with positively charged 
oxide particles moving towards the cathode. Particles which move under an applied 
electric field have their surrounding double layer distorted due to the action of fluid 
dynamics. As the particle migrates with its double layer envelop, counter ions moving 
towards the cathode can react with the thicker tail of the double layer hereby reducing 
the zeta potential of the particle and enabling incoming particles with a thinner leading 
edge to get close enough for Van der Waals forces to take over inducing coagulation 
between the particles. A Schematic representation of the coagulation mechanism is 
shown in Figure 3-10. 
Electrocoagulation 
This mechanism, proposed by Grillon et al. [200], implies charge neutralisation of the 
particles as they touch the electrode which is particularly important in single layer 
deposits or for single particles. This mechanism can be employed in the explanation of 
powder charging through the addition of salts to the suspending medium as suggested 
by Brown and Salt [201] in the deposition of aluminium. However, for EPD of thicker 
deposits of insulating particles, this mechanism becomes invalid. This explanation is 
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also invalidated by the introduction of a membrane which prevents particle-electrode 
processes. However, electrocoagulation does explain the initial stages of deposition 
from very dilute suspensions [197]. 
A Q ©• 
Figure 3-10 Electrochemical coagulation phenomenon between two positive particles being 
deposited onto the cathode [196]. The coagulation is induced by the distorted double layer of the 
incoming particles onto the deposited one. 
(c) Current applications of CNTs-derived coatings deposited bv EPD 
Due to the ease of use of EPD and the fact that it is one of the few processing 
techniques capable of manipulating CNTs after their synthesis, there is considerable 
interest in adopting EPD for production of CNTs containing materials and devices, as 
recently reviewed by our group [194]. There is, however, very limited previous work 
related to the preparation of composites coatings containing CNTs by EPD. Most work 
in the field has been carried out as a mean to manipulate CNTs to fabricate field 
emission devices, capacitors and electrodes [202-209]. Depositions in aqueous or 
isopropyl alcohol suspensions were conducted with single [202, 205] and multiwalled 
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CNTs [203, 204, 206] at relatively high electric field strength usually greater than 
500 V/cm. 
One of the first reports was published by Du et al. [210], who investigated the 
possibility of depositing CNTs by EPD from an organic suspension. Their deposit had 
macroscopic pores due to considerable hydrogen evolution on the anode which could 
be reduced by adjusting the acetone/ethanol ratio of the suspension. They later 
reported on the fabrication of epoxy infiltrated CNTs which were deposited by EPD 
from an ethanol-diluted resin and hardener suspension by a modest field strength 
(=10 V/cm) [211]. 
More recently, Kamat et al. [212] employed an electrophoretically deposited SWCNTs 
layer as a support for platinum nanoparticles, also deposited by EPD. The membrane 
was suggested for applications in fuel cell devices, where it might improve the 
efficiency of the oxidation/reduction of methanol and oxygen compared to conventional 
supported carbon black platinum nanoparticles. The sequential SWCNT/Pt membrane 
fabrication method was also used in a later work related to hydrogen fuel cells [67]. 
Energy storage devices could find their storage capacity improved by employing CNTs, 
due to the high activated surface area, chemical stability, electrical conductivity, and 
low density [76]. As an example, Lee et al. [75] recently examined the electrochemical 
performance of MnO-CNTs nanocomposite electrodes for potential use in 
supercapacitor applications. The EPD method was employed to firstly deposit acid 
oxidized-CNTs on nickel substrates from a DMF suspension. Manganese oxide 
hydrate particles were subsequently deposited onto CNT-coated Ni electrode and its 
electrochemical characteristics were compared to CNT-free MnOx/Ni electrode. The 
CNTs-based composite electrode exhibited about twice the capacitance of the 
reference electrode, with a storage capacity of 418 F/g. 
3.7 Mechanical performance of CNT ceramic matrix composites 
The mechanical performance of composites is dictated by several parameters mostly 
controllable at the fabrication stage such as the dispersion, orientation, volume fraction 
of the reinforcing phase and last but not least, the interfacial strength between the 
matrix and the inclusion. In CNTs-derived composites, one major issue regardless of 
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the type of matrix has always been obtaining a high quality dispersion. In the case of 
CMCs (including glass matrices), section 3.6 described the current fabrication routes 
employed for composites with CNTs addition. Mechanical property data for a number 
of these composites are summarized in Table 3-2 and represented graphically in 
Figure 3-11. 
The data available in the literature clearly shows that the current improvements in 
mechanical properties on introducing CNTs into monolithic inorganic materials is 
generally modest compared to conventional reinforcements (section 3.4). Material 
produced by the in-situ processing (see section 3.6.4) does not generally form good 
quality composites despite having a reasonable dispersion of CNTs [179-189], These 
composites exhibit a considerable drop in strength and toughness compared to the 
monolithic material (Figure 3-11 a). The poor results may be attributed to the large 
fraction of impurities introduced during CNT synthesis and the highly defective nature 
of these CVD CNTs [179-189]. Nevertheless, the in-situ composites fabricated by 
Xia et al. [137] did exhibit a considerable increase in toughness which can be 
attributed to the high level of orientation of the CNTs within the alumina membrane 
(see section 3.6.1). 
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Figure 3-11 Graphical representation of the mechanical property variation observed in CNT-
reinforced ceramic or glass matrix composites published in the literature, classified a) by CNT 
dispersion method and b) by matrix type. 
The vast majority of the mechanical property investigations have used alumina as a 
matrix; only very small increases in performance have been reported when hot press 
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sintering was employed for densification. Alumina composites sintered by SPS 
exhibited a more substantial improvement in fracture toughness and strength [159, 
173, 176]. The most significant improvement regarding fracture toughness was 
reported by Zhan et al. [173] for an alumina matrix containing SWCNTs, who 
calculated the Kic value via the indentation technique. Their improvement of Kic of 
nearly 200% over a monolithic alumina has been, however, contested by Wang et al. 
[174], who used the same preparation procedure and materials, but compared the 
fracture toughness values of the indentation with data obtained by standardized single 
edge V-notched beam tests. Their findings conclude that the determination of the 
fracture toughness by indentation techniques may not suit this type of composites as 
they exhibit considerable contact damage resilience under load which resulted in a 
significantly smaller toughness increase than Zhan etal. [173]. 
The use of chemically modified CNTs shows a clear improvement of the mechanical 
properties over as-produced CNTs, for a smaller equivalent volume fraction, most 
likely due to enhanced dispersion during low temperature processing steps. For 
example. Sun et al. [159] obtained a similar improvement of fracture toughness 
compared to that achieved by Siegel et al. [4] who employed 100 times more CNTs but 
in a non-modified state. 
The mechanical data presented in Table 3-2 also suggest that the improvement of 
properties seems to be greater in amorphous matrices as both studies carried out by 
Ning et al. [142, 170] in SiOa yielded a relatively high increase in both toughness and 
strength, despite using as-produced (or non-modified) CNTs. It is surprising that as-
produced CNTs result in such an improvement considering the level of entanglement 
and impurity usually present in as-grown materials; however, the intrinsic quality of 
material does vary. As commonly observed, above the optimal concentration of 
3.2wt%, aggregation was reported to lead to a decrease in properties [142, 170]. 
3.8 Possible functional applications of CNT containing ceramic matrix 
composites 
The functional properties of the CNTs, described in section 2.5, have been employed 
in a wide variety of matrices developed for specific applications where mechanical 
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performance is not the most important criterion. Other matrices such as TiOg [68, 213-
215], V2O5 [66], hydroxyapatite [216, 217], C03O4 [65] have been used in energy 
conversion and storage devices (photovoltaic cells, fuel cells, batteries) [27, 65-70], 
electrochemical devices (supercapacitors and actuators ) [71-76], biomedical sensors, 
drug delivery systems and scaffolds in tissue engineering [60, 61, 63, 216, 217], as 
well as optical limiters [152, 153, 218] and field emission devices [138, 139]. Glass 
matrix composites containing CNTs may also benefit from the intrinsic physical 
properties of the CNTs, Including the electrical and thermal conductivities. 
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Table 3-2 Mechanical performance of inorganic matrix composites containing carbon nanotubes 
reported in the literature. (As-produced (AP), chemically modified (CM), surfactant-aided (SA), 
sonicated (S), hot-pressed (HP), spark plasma sintering (SPS)) 
Fracture Toughness (MPa.m"'') Flexural strength (MPa) Processing 
Material CNTs Disp. 
composite monolith % Variation composite monolith variation 
Ref 
SiC-10% MWCNTs AP SA+S 3.82 321.3 HP [1671 
SisNfl wt% 
MWCNTs AP 8 - 689 670 +3 SPS [168] 
Si3N4-1Wt% 
MWCNTs AP S 5.3 5.2 +2 =300 =170 +76 SPS [175] 
Fe-A!203-2wt% 
MWCNTs AP In-situ =4.2 =7.5 -56 530 530 0 HP [184] 
Fe-Al203-=5wt% 
MWGNTs AP In-situ 3.1 7.2 -43 300 630 -52 HP [188] 
pG/Co-MgAlgO^-
5%MWGNTs AP In-situ 1.71 2.94 -58 221 212 +4 HP [188] 
Fe-AbOa-
3.6%MWCNTs AP In-situ 4.8 7.5 -64 471 600 -21 HP [179] 
Al203-3.7wt% 
SWCNTs AP S 9.7 3.3 +193 - SPS 
[173, 
219] 
Al203-3.7wt% 
SWCNTs AP S 3.32 3.22 +3 - SPS [174] 
Al203-30wt% 
MWCNTs AP In-situ 0.6-1.3 0.4 +50-225 - In-situ [137] 
Al203-4.8wt%% 
MWCNTs AP S 4.2 3.4 +23 - HP [4] 
Al203-0.68wt% 
MWCNTs AP - - +10 -
Sol gel 
+SPS [147] 
Al203-1wt% 
MWCNTs AP SA+S 4 3.7 +8 536 496 -8% HP [161] 
AI2O3-1.85wt% 
MWCNTs AP SA+S 5.55 3.3 +80 314 326 -4 HP [165] 
Al203-0.8wt% 
MWCNTs CM - - +30 - SPS [176] 
AI2O3-I wt% 
SWCNTs CM SA+S 6.3 3.1 +103 356 423 -16 HP [164] 
AI2O3-0.1 wt% 
MWCNTs CM S 4.2 3.7 +13 - SPS [159] 
Si02-3.2wt% 
MWCNTs AP 8 =2.1 =0.9 +133 =68 =24 +183 HP [170] 
Si02-3.2wt% 
MWCNTs AP SA+S 2.46 1 +146 97 51.5 +88 HP [142] 
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Chapter 4 Experimental techniques 
This chapter describes the implementation of analytical techniques and sample 
fabrication routes during the project. 
4.1 FTIR 
Fourier transformation infrared spectroscopy (FTIR) is a proven technique to observe 
the structural and chemical changes occurring as a result of the thermal treatment of 
materials. It identifies changes in the chemical groups present by probing the 
associated vibration modes. 
The identification of peaks found in the borosilicate glass system has been accounted 
in several reports [220-222], which were employed here to identify those encountered 
in our spectra. 
In the present work, the KBr disc method was employed with a Perkin FTIR apparatus. 
KBr powder, purchased from Sigma-Aldrich, was placed into a vacuum oven at 110 -C 
for 12 h prior to scanning. To remove scattering effects, samples were ground into a 
fine powder with a mortar and pestle and diluted into dried KBr powder. The powder 
was then inserted into a 1 cm die, linked to a vacuum pump to prevent water intake 
and facilitate densification, and hydraulically pressed into discs. The average of 3 
spectra were recorded over a region of 4000-400 cm^ with a spectral resolution of 2 
cm'^ and were normalized against the strongest absorption peak located at 1100 cm'\ 
corresponding to stretching vibration of the Si-0 bond. 
4.2 X-ray diffraction 
X-ray diffraction (XRD) was carried out to determine any crystallization occurring 
during the thermal treatment of the glasses and composites. A Philips PW1700 
diffractometer, employing Copper Ka radiation was operated at 40 kV in step scan 
mode with a 0.04- 29 step angle and 1.5 seconds acquisition time. A unique XRD scan 
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was performed on ground powder samples supported on single crystal silicon, having 
been dispersed with acetone. 
4.3 Scanning electron microscopy 
A field emission gun scanning electron microscope (FEGSEM) Leo Gemini was 
employed as a primary observation tool for microstructural analysis. Non-conductive 
samples were coated with a sputter coater (Emitech K550) to yield a thin gold or 
chromium film of 20-100 nm with particle size of 10-15 nm. 
Observation of carbon nanotubes was performed by placing CNT mats grown on 
quartz slides directly onto SEM stubs or by gluing CNTs arrays with silver conductive 
paint onto the stubs. 
The dispersion of the CNTs in the glass matrix was assessed by imaging fracture 
surfaces due to a better topographic contrast between CNTs and glass matrix than 
polished sections. 
Dried EPD electrodes were horizontally placed onto SEM stubs or vertically mounted 
into epoxy resin to determine the thickness of the deposited film. Fracture surfaces 
were obtained by scoring the electrodes before deposition. After deposition, the groove 
in the substrate helped in fracturing the electrode with minimal damage to the CNT 
coating. Alternatively, a thin part of the coating was removed with a scalpel and 
imaged. 
4.4 Transmission electron microscopy 
High resolution transmission electron imaging was carried out on a JEOL JEM 2010 
operating at 200 kV linked to a digital camera. Holey carbon films, purchased from 
AGAR, were employed as supporting grids to image CNT suspensions. Composite 
samples were prepared by cutting discs of 3 mm in diameter with an ultrasonic disc 
cutter (Gatan model 601) followed by grinding and polishing down the discs to a 
thickness of =100-150 pim. The thinned samples were subsequently placed on a Gatan 
dual ion beam mill until an electron transparent section was obtained. 
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4.5 AC impedance spectroscopy 
The electric responses of the hot-pressed samples were measured painting two 
parallel surfaces with a thin layer of conductive silver paint to limit the interfacial 
resistance between the sample and the leads. 3 consecutive measurements per 
samples were carried out on a potentiostat/galvanostat (type SI 1287, Solatron) and a 
frequency response analyser (type 1255, Solatron) between 100 kHz to 1 Hz with a 
voltage amplitude at 1000 mV. 
The impedance Z(w) of the electrochemical interface is a complex number which is 
usually represented in either polar or Cartesian co-ordinates according to the 
expression given in Equation 8: 
Z{a)) = |z|exp^^ Equation 8 
Z{0)) = + j Equation 9 
where Zreai and Zimg are the real part and the imaginary part of the impedance. The 
relationships can be rearranged into separate measurable elements as expressed in 
Equations 12 & 13. 
\Zf = Zreai ^  + Z,mg ^  Equation 10 
2 
d) = a r c t a n — — Equation 11 
7 
^real 
Zreal Equation 12 
=|z|sin(2) Equation 13 
Dielectric materials usually exhibit a semi circle in a Zreai vs. Zimg plot from which the 
capacitance is determined. The dielectric constant can then be calculated according to: 
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C = Equation 14 
where C is the capacitance measured, Zq is the permittivity of free space, Zr is the 
dielectric constant of the material, A is the contact area, d is the thickness of the 
sample. 
The electrical conductivity was calculated by normalizing the real impedance against 
the change of frequency according to Equation 15: 
4 
Equation 15 
^real^ 
4.6 Vickers Hardness 
A macro ZHV Vickers' hardness (model 6030LKV Indentec) machine was used to 
determine the hardness of the materials. A total of 10 indentations were performed for 
each of the test samples. The Vickers hardness test method indents the test material 
with a diamond indenter, in the form of a right pyramid with a square base and an 
angle of 136 degrees between opposite faces subjected to a load. The full load, which 
was varied between, 1,3 or 5 kg, was applied for 10 seconds. The two diagonals of the 
indentation left on the surface of the material after removal of the load are measured 
using a microscope and their average value calculated. Vickers Hardness Number, or 
Hv, defined by the load divided by the surface area of the impression can be calculated 
by 
2 F s i n f - l 
Equation 16 
Where F is the applied force (F), d is the distance across the diagonal of the 
impression and 9 is the apex angle of the diamond tip (=136-). 
In Vickers hardness measurements, the local stresses generated by the indenter on 
the material often lead to cracking at the corners of the imprint, especially in brittle 
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matrices. The extend of such cracking has been related to the fracture toughness of 
the material provided the cracks are of a radial/median system (Figure 4-1). 
A detailed review of a wide range of equations used to calculate the fracture toughness 
has been published by Ponton et al. [223]. Amongst them, the formula developed by 
Evans et al. [224] usually gives a more accurate and consistent result. The equation 
can be rearranged to be written in terms of the hardness of the material (Equation 17) 
Kc o.iniHx 
„ l - 5 
Equation 17 
The crack length and imprint radius were determined by measuring the distance via 
SEM images. 
Sub-surface 
lateral cracks 
^ S u r f a c e 
''^radial cracks 
Figure 4-1 Scliematic of the median/radial crack geometry produced by Vickers indentation. The 
localized load P of the indenter produced tensile loading Og across a field of diameter 2c 
Occasional assistance in the experimental measurements was provided by a MSc 
student working in the group at the time (Mr Arvanitelis) who conducted the hardness 
measurement for the fracture toughness assessment. 
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4.7 Flexural strength and Young's modulus 
The flexural strength of the materials was determined by 3-point bending tests on a 
Hounsfield H5KS testing machine, using a span length of 20 mm, and a cross head 
displacement of 0.25 mm.min'\ This method was selected due to the small size of the 
test sample required and the availability of a 3-point bend test rig. The disadvantages 
of this technique, compared to a 4-point geometry, are related to the non-uniform 
stress state along the length of the sample bar between the supports. 
Samples were cut into prismatic test bars (4x4x25 mm®) from hot-pressed specimens 
with a diamond saw at a cutting rate of 0.2 mm/min. Four to Five bars were obtained 
for each disc. The bending strength (or modulus of rupture) was determined according 
to the theoretical bending moment and shear force as shown in Figure 4-2 and 
assumes that the crack is generated at the region subjected to tensile forces and that 
My 
<T = — ^ Equation 18 
where a is the stress, M is the bending moment, y is perpendicular distance to the 
neutral axis and I is the second moment of inertia. 
Providing the fracture occurs in the mid-span position. Equation 18 is commonly 
rearranged as 
3Pl 
o = Equation 19 
2BW^ 
where P is the load, I is the span, B the specimen thickness and W its width. 
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t 
Compression 
Tension 
Figure 4-2 Schematic diagram of a test bar subjected to 3-point bending test 
In addition, the Young's modulus of the material was also calculated from 3-point bend 
tests according to Equation 20 
Lm 
4BW' 
Equation 20 
where m is the slope of the tangent to the initial straight-line portion of the load 
deflection curve. It should be pointed out that no correction was made to account for 
the compliance of the test machine; this fact should be borne in mind when considering 
the values shown in the subsequent sections. 
4.8 Compression strength 
The compressive strength was measured on 5 prismatic samples per composite 
having an aspect ratio (width/height) greater than 1.5. The samples were cut from 
undamaged sections of the 3-point bending test bars. The measurements were 
conducted on a Zwick benchtop rig with a 10 kN load cell and using a with a crosshead 
displacement of 0.25 mm/min. 
4.9 Thermal analysis 
Thermogravimetric analysis (TGA) records the weight loss of a material as a function 
of time and/or temperature. The moisture content, presence of volatile species, 
decomposition of carbonaceous materials can be determined with this technique. 
Measurements were carried out on a Perkins Elmer Pyris 1 apparatus in air at a 
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heating rate of 10 -C/min unless otherwise specified. An amount of ~50mg+/-10 of 
material was usually employed. 
4.10 Raman spectroscopy 
Raman spectroscopy is a technique used in condensed matter physics and chemistry 
to study vibrational, rotational, and other low-frequency modes in a system. It involves 
photon-phonon interactions leading to a change in frequency of the incident photon 
due to inelastic scattering [225]. 
This technique is extensively used to characterize carbon nanotubes, especially single 
wall CNTs which exhibit some unique features potentially useful i.e. the radial 
breathing mode (RBM) corresponding to an equal radial displacement of all carbon 
atoms in the CNT. Others features present in all type of graphitic material is the so-
called "G" band at =1580 cm'^ and the "D" band found at =1355 cm ^ in more defective 
carbonaceous materials [226, 227]. 
In the current study, Raman spectroscopy was employed to qualitatively determine the 
degree of crystallinity of our synthesized CNTs by comparing the relative intensities of 
the D and G peaks. A low ID/IG ratio would indicate a highly crystalline material as 
found in highly orientated pyrolytic carbon in which the ID/IG approaches zero. 
Conversely amorphous carbon exhibits an ID/IG approaching 1 [227]. 
The Raman spectrophotometer used in this study was a LabRam Infinity from Horiba 
using a red laser light at a wavelength of 633 nm. The signals were collected from as-
produced MWCNTs mats with an acquisition time of 30 seconds and an average of 5 
scans to minimize the noise/signal ratio. 
4.11 UV-vis spectroscopy 
A Perkin Elmer spectrophotometer Lambda 950, with and without integrating sphere 
was employed to determine the extinction coefficient of carbon nanotubes 
suspensions. The method could be a fast alternative to assess the concentration of a 
large number of suspensions in a short time in comparison to TGA for instance. The 
calibration was carried out by scanning the reference and several diluted suspensions 
between 800-200 nm. The output was given as the average of 3 scans per samples. 
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The absorption for a range of wavenumber at different CNTs concentration was thus 
determined. 
4.12 Thermal conductivity 
The Hot Disk system is based on the Transient Plane Source (TPS) method which is 
one of the most precise and convenient techniques for studying thermal transport 
properties. This technique is capable of measuring thermal conductivity, thermal 
diffusivity and volume specific heat simultaneously. The Hot Disk sensor is sandwiched 
between two pieces of sample during measurement. The sensor consists of an 
electrically conducting pattern in the shape of a double spiral which is laminated 
between two thin sheets of thermally insulating material. The sensor is used both as a 
heat source and as a dynamic temperature thermocouple. Prior to carrying out 
measurements on our own samples, calibration of the system was performed with 
stainless steel stubs. 
•Determination of the specific heat capacity, thermal diffusivity and thermal conductivity 
were calculated automatically, as the sensor can adjust the power input required to 
cool, maintain, or heat the sample to the specified temperature. Measurements were 
carried out at relatively low temperature (25 and 50 -C) due to physical limitation of the 
sensor by an independent materials testing laboratory (MERL, Hitchin, UK). 
4.13 Sample fabrication and composition 
The limited availability of CNTs during the early stages of the work necessitated the 
use of commercially-available CNTs that were qualitatively different to the in house 
CNTs used in the latter stages of the project. In particular, the powder processing work 
(Chapter 6) employed commercial entangled MWCNTs, whilst the sol-gel and EPD 
work (Chapters 7 and 8) used in house, aligned MWCNTs. As detailed in section 6.2, 
the commercial entangled MWCNTs were coated with SiOx by Dr Brusatin (Padova 
Univ.) via sol gel route prior to mixing with the borosilicate glass powder. On the other 
hand, the CNTs employed in the sol gel part of the investigation (Chapter 7) and in the 
EPD work (Chapter 8) were aligned mats of MWCNTs grown in our laboratory 
(Department of Chemistry) that were chemically oxidized as explained in sections 5.2.1 
and 5.2.2. 
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Table 4-1 summarises the materials produced in the course of this thesis, specifying 
the matrix, CNT type, and CNT concentration for each composite material. The 
concentration of CNTs is expressed, throughout, as weight percentage since this value 
is the most convenient quantity accessible experimentally during composite synthesis 
and characterisation. Volume fractions are useful from a theoretical and comparative 
point of view, but are hard to measure in practice; conventional cross-section 
techniques used for conventional fibre composites, for example, do not translate with 
any accuracy to the nanoscale. In addition, due to the variable inner diameter of 
nanotubes, and the uncertain potential for filling of broken/open nanotubes by the 
matrix, the effective density of the nanotubes as 'fibres', is uncertain. However, where 
an estimate of the volume fraction of CNTs is required, a density of 1.7 g.cm'^ has 
been assumed for a MWCNT, based on the density of a graphite cylinder (2.23 g.cm"^) 
with an internal diameter half the external diameter (a typical ratio) [132]; this value has 
been shown to be appropriate for polymer matrix composites up to high loadings 
{60wt%) of CVD MWNT, on the basis of direct density measurements [228]. 
Table 4-1 Summary of the materials produced throughout this thesis. 
i PMT tunp CNTs Fabrication Related 
1 Matrix 
1 content method Chapter 
1 Duran® 
- -
Powder proc. Chapter 6 
i 
1 Duran® borosilicate glass Commercial entangled MWCNTs (sol gel with acid catalyst) 10wt% Powder proc. Chapter 6 
1 Duran® borosilicate glass Commercial entangled MWCNTs (sol gel with base catalyst) 10 wt% Powder proc. Chapter 6 
Binary Si02-28wt% B2O3 
(theoretical B2O3 content) - - Sol gel Chapter 7 
Binary Si02-28wt% B2O3 
(theoretical B2O3 content) 
Home made aligned and oxidized 
MWCNTs (Chap 5) 0.05wt% Sol gel Chapter 7 
Binary Si02-28wt% B2O3 
(theoretical B2O3 content) 
Home made aligned and oxidized 
MWCNTs (Chap 5) 0.8wt% Sol gel Chapter 7 
Binary Si02-28wt% B2O3 
(theoretical B2O3 content) 
Home made aligned and oxidized 
MWCNTs (Chap 5) 2wt% Sol gel Chapter 7 
Binary S102-28wt% B2O3 
(theoretical B2O3 content) 
Home made aligned and oxidized 
MWCNTs (Chap 5) 3wt% Sol gel Chapter 7 
Commercial P25 Ti02 Home made aligned and oxidized 
MWCNTs (Chap 5) 
0.5wt% EPD Chapter 8 
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Chapter 5 Synthesis and characterization of carbon 
nanotube suspensions 
5.1 Introduction 
The injection CVD method is a cost effective synthesis for relatively large quantities of 
aligned carbon nanotubes, with a high level of purity. The main motivation of this work 
was to set up a CNT synthesis facility in our own laboratory to produce the CNTs 
needed for the inorganic composite research. The advantages of our materials, over 
more conventional commercial CVD products, include increased crystallinity, alignment 
and little amount of by-products. Despite the large amount of reports, the data available 
in the literature is extremely fragmented [19, 21, 229, 230] and only Singh et al. [21] 
undertook a thorough investigation of a specific system. The different processing 
parameters affect a wide range of CNTs characteristics, including the yield, length, 
diameter and crystallinity. The present investigation intends to supplement this 
previous study by employing the same setup but further adjusting the parameters. The 
method involves injecting a metallocene precursor diluted in a hydrocarbon solvent in a 
hot silica furnace tube. Specifically, the injection rates of the metallocene/hydrocarbon 
solution and gas carrier were varied whilst maintaining the other optimal parameters 
identified by Singh etal. [21]. 
The second part of this chapter describes the characterisation of CNT suspensions 
used for the work described later in this thesis. Aqueous suspensions were prepared 
by acid oxidation of the CNTs following the method of Esumi and Shaffer [127, 132]. 
The high opacity of CNTs suspensions makes visual assessment of the quality (extent 
of CNT separation) of the dispersion difficult. In addition, the determination of the solid 
content by evaporation of tens of millilitres of liquid is inefficient due the inaccuracies 
associated with the small masses measured as well as wasteful nature of the 
procedure. Indeed, preparation of suspensions from measured dry powder is not 
possible due to the irreversibility of the drying process. A non-destructive spectroscopic 
method, originally used to quantitatively evaluate the purity of single wall CNTs [231], is 
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presented. The technique, which requires calibration against a reference sample, is 
fast and effective in assessing the quality and concentration of oxidized CNT 
suspensions. 
5.2 Experimental setup 
5.2.1 CNT synthesis by injection CVD 
Aligned multi-walled carbon nanotubes were produced employing the injection CVD 
method in which a metallocene and hydrocarbon solution is injected in an inert gas 
flow and sublimed at high temperature forming metal catalyst, carbon and hydrogen 
[19, 21]. A diagram of the setup used is shown in Figure 5-1. The precursors employed 
in this study were chosen to be 3wt% ferrocene (sublimation temperature of =140 -C) 
dissolved in toluene (boiling point 110 -C). The solution was fed continuously into a 
tubular quartz reactor (=58 mm in diameter and 1.5 m in length) set at 760 -C using a 
motorized syringe pump for 1 h after which the heating was stopped and the reactor 
allowed to cool down to room temperature with a continuous argon flow. The liquid 
feed was passed through a needle and heated as it advanced closer to the reaction 
zone. Temperature measurements using a type K thermocouple placed at the tip of the 
needle indicated a temperature in the vicinity of 250 -C as shown in Figure 5-1 b). 
When the solution approaches the end of the needle, it is vaporized and swept into the 
reaction zone by the flowing argon gas. The yield of each run was normalized by 
inserting 1 cm^ polished quartz slides which were positioned at 45, 70 and 95 cm away 
from the tip of the needle with the outermost slides 5 cm within the reaction zone. 
Slides were sonicated in concentrated HCI for several hours before being thermally 
treated at 800 -C to combust any carbonaceous material before reuse in a subsequent 
reaction. 
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Figure 5-1 a) Injection CVD setup showing the position of the quartz slides across the reaction 
zone (shaded area) and b) the temperature profile across the furnace tube taken. 
The injection rate of the solution was set at 1,5, 10 and 15 ml/h with an argon flow rate 
of 2 L/min. For this set of experiments, 2 quartz slides were placed in the central 
position only. 
To study the effect of the argon flow rate on the CNT characteristics, 6 quartz slides at 
the front, middle and end of the reaction zone were employed. The flow rate of the 
argon gas was varied between 0.5 and 2 L/min with a ferrocene/toluene injection rate 
of 5 ml/min. 
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5.2.2 Acid oxidation and CNT suspension preparation 
As-produced carbon nanotubes are intrinsically inert, hydrophobic, have various 
degrees of entanglement, contain catalytic particles, and may be covered by 
amorphous carbon. A purification technique is therefore necessary to improve their 
surface chemistry, dispersability and to remove unwanted by-products. The CNTs 
employed in this study were produced by the injection CVD method described in the 
previous section, with an injection rate of 5 ml/h and 2 L/min argon gas flow. As-grown 
CNTs were refluxed in HNO3 and H2SO4 (1:3 molar ratio) [127] at 120 -C for 30 
minutes using the setup shown in Figure 5-2 a) and following the procedure displayed 
in the flow chart in Figure 5-2 b). This established surface modification technique [127, 
132] yields shorter, functionalized CNTs with acidic groups decorated on their outer 
surface. These groups ionize in polar solvents thereby stabilizing the CNT dispersion 
electrostatically [158]. 
• Water Out 
- V\feter In 
Reactants 
• Paraffin Oil 
As-produced CNTs + 
H2SO4 + HNO3 
Stir and heat to 120 -C 
When T®=120 -C start 
timer 
At t=30 min, remove the 
flask from the heat 
When Te=~25 ^C, 
SLOWLY add water to fill 
the flask 
a) b) 
Figure 5-2 a) Schematic diagram of a reflux reaction [232] and b) step-by-step flow chart 
Once oxidized, the CNTs undergo a thorough water wash by filtration. The equipment 
used in this task comprises a recipient flask, a sintered glass membrane holder, a 
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PTFE filter membrane of 0.2 [im pore size, a filtration clamp and a funnel connected to 
a vacuum pump. The CNTs/acid slurry is slowly poured into the filtration unit and 
progressively diluted with water until the filtrate is neutral. If required, the aqueous 
CNTs suspension can either be collected from the filtration unit or be repeatedly 
washed and filtered with another solvent until the HgO is removed. The filtration step is 
very long and tedious, requiring hourly attention to refill the flask as, if allowed to dry, 
the CNTs can not be redispersed. The concentration of solid material can also be 
altered by diluting or evaporating the solvent with a rotary evaporator. Using an 
Edwards rotary pump, water and ethanol could be evaporated at a bath temperature of 
40 and 30 -C respectively. Sonication and subsequent centrifugation at 3000 RPM 
(=1000 g-force) for 15-30 min were carried out to remove any remaining aggregates. 
5.3 Results and discussion of the synthesis of CNTs 
5.3.1 Influence of the injection rate 
All injection rates (1 ,5,10 and 15 ml/h) produced mats of aligned multi-walled carbon 
nanotubes which grew from the smooth top surface and rougher edges of the quartz 
substrates. The yield per surface area against the injection rate is displayed in 
Figure 5-3. 
Injection rate (ml.h ') 
Figure 5-3 Yield of carbon nanotubes per surface area as a function of the injection rate of the 
ferrocene-toluene solution. 
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A sigmoidal correlation fits best the data points with an R value of 0.996. The average 
diameter and diameter distribution of the CNTs was determined by measuring the 
diameters of 80-100 CNTs in the centre of the mats from the SEM images, such as 
those shown in Figure 5-4. Figure 5-5 shows the absolute length of the mats and 
relative volume of CNT per ml of injected suspension, as well as the average diameter 
of the CNTs as a function of the injection rate. It is clear that as more solution is 
supplied, the additional carbon feedstock significantly increases the average diameter 
and the absolute growth rate of the tubes. However the increase in length plateaus, 
with an associated fall in the relative efficiency of the conversion of hydrocarbon to 
carbon. The drop may be associated with diffusion limitations observed in other time-
based experiments [21]. In addition, the deviation of the diameter distribution 
considerably increased from ±13 nm at 1 ml/h to 23 nm at 15 ml/h. 
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Figure 5-4 Mats of aligned CNTs produced at a) 1, b) 5, c) 10 and d) 15 mi/h respectively with their 
respective CNTs diameter distributions 
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Figure 5-5 Relative and absolute length of the mats and CNTs diameter at the four injection rates. 
(A) Absolute length, (•) Relative volume of CNT per ml of injected solution and (o) average 
diameter 
Amongst the two alternatives growth observed in the catalytic CVD of CNTs, detailed 
in section 2.4.3, base growth mechanism is more commonly observed in injection CVD 
[21]. An EDX analysis carried out by Ms Qian (Dept of Chemistry), taken at different 
locations across a CNT mat grown by injection CVD is shown in Figure 5-6. 
Stgrul A « InLem Date 2 Jun 2006 
Photo No. = 3975 T im*: 12.06:01 
EHT « 20.00 kV 
position 
Figure 5-6 EDX study on Injection CVD grown MWCNT mat showing a) the investigated mat and 
EDX scan locations and b) the iron content obtained at each location 
The continuous supply of ferrocene during the growth of CNTs leads to an excessive 
amount of iron which deposits onto the surface of the growing CNT films, thus a higher 
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iron content is indicative of earlier growth. Although not conclusive, the EDX analysis 
shown in Figure 5-6, with a lower iron concentration at the base, therefore, supports 
the idea that base-growth is the dominant mechanism in the current injection CVD 
experiments. 
This mechanism implies that growth is not only governed by the diffusion rate within 
the catalytic particles but also by the diffusion of the feedstock through the growing 
CNT mat to access the catalyst. Therefore, a progressive decrease of the growth rate 
would be expected as more carbonaceous material is formed (Figure 5-3). A similar 
trend has been reported for related growth experiments as a function of time [21]. 
The TGA curves for the nanotube products carried out in air are shown in 
Figure 5-7 a). The weight percentage of catalytic particles and decomposition 
temperatures of the CNTs, obtained from the onset point of each TGA curve, shows 
that the quality of the nanotubes gradually decreases as the injection rate is increased 
(Figure 5-7 b)). In addition, the fraction of iron slightly increases as the injection rate is 
increased. 
The decrease in quality of the CNTs is supported by the Raman spectra shown in 
Figure 5-8 more specifically by the Iq/Ig ratios. The detail of the technique is described 
in section 4,10. 
Decomposition Temp. 
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Figure 5-7 Decomposition temperatures of carbon nanotubes produced at various injection rates 
at a flow rate of 2 L/min a) TGA traces and b) decomposition temperatures vs. injection rate 
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Figure 5-8 Raman spectra of CNTs mats grown at 1, 5,10 and 15 ml/h of feedstock obtained 
using a red laser (633 nm). 
The ratios of the D peak to the G peak is often used qualitatively to assess the amount 
of disorder within carbon compounds and nanotubes in particular [226, 233, 234]. The 
average values of 5 scans per sample is given in Table 5-1. The least defective CNTs 
seem to be grown at the slowest injection rate which is consistent with the TGA data. 
Additionally, the Raman spectrum of the CNTs grown at 1 ml/h exhibits a radial 
breathing mode (RBM) not noticeable in the other spectra as well as a greater degree 
of G-band splitting. These features suggest the presence of SWCNTs. The frequency 
of the RBM is inversely proportional to the diameter of the SWCNTs as Bandow et al. 
[235] described, thus using the formula 00=223.75/d where w is the Raman frequency 
(cm'^) and d the diameter (nm) of the CNT, SWCNTs of 1.04 and 0.80 nm were 
synthesised at 1 ml/h feeding rate. It is most probable that the quantity of such 
nanotubes is low, as the smallest CNT observed by SEM was =8 nm. Singh et al. [21] 
who also observed SWCNTs, overgrown on the top of the MWCNT mat at extended 
growth times, could not observe any SWCNT by TEM, despite having SWCNT's radial 
breathing modes in the Raman spectra. SWCNTs are known to give strong resonant 
Raman signals even when present only at low concentration. The formation of 
SWCNTs at low injection rates is discussed further in section 5.3.2. 
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Table 5-1 Effect of the injection rate of the Id/Iq ratios 
Reaction injection rate Id/Ig ratio 
1 ml/h 0.47±0.10 
5 ml/h 0.61±0.12 
10 ml/h 0.62+0.07 
15 ml/h 0.67±0.08 
5.3.2 Influence of the carrier gas flow rate 
Figures 5-8 and 5.9 show the carbonaceous materials produced at 0.5 L/min and 
2 L/min respectively at the front, middle and end of the reactor, with their diameter 
distributions. The CNTs at the entrance of the reaction zone, produced at 0.5 L/min 
gas flow, exhibit larger diameters and wider diameter distribution than CNTs produced 
in more optimal conditions. Further down the reactor, a modest mat with smaller but 
also fewer CNTs is observed in Figure 5-9 b). It appears that the lower availability of 
catalyst particles has yielded too few CNTs to generate any alignment. Alignment of 
MWCNTs is thought to be promoted by an overcrowding effect where surrounding 
neighbours limit the growth in other directions [19]. Meanwhile, the excess of 
hydrocarbon produced considerable carbonaceous contaminants Figure 5-9 b)). 
Towards the end of the reaction tube (Figure 5-9 c) , very few CNTs are observed and 
only amorphous carbon is formed on the quartz surface, confirmed by the Raman 
spectrum shown in Figure 5-12, presumably due to a lack of iron catalyst particles. It 
seems that at low flow rates, both hydrocarbons and catalyst precursor are 
preferentially consumed at the front of the furnace. 
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Figure 5-9 High magnification of the carbonaceous material produced with an argon flow rate of 
0.5 Ll/min at a), front, b) middle and c) end of the reaction zone, d) CNT diameter distribution. 
Arrow in image a) indicates the growth direction. 
At a higher flow rate, the homogeneity of the products is far greater across the entire 
length of the reaction zone as seen in Figure 5-10. The length of the CNTs mats for 
both flow rates, at each position, is shown in Figure 5-11. While the highest flow rate 
produced CNTs of similar length and diameter (Figure 5-11 and Figure 5-10 d 
respectively), the slower rate (Figure 5-9) produced mostly CNTs at the front of the 
reaction zone where most of the iron supply was consumed. Greater consumption of 
the iron at the front of the furnace produces large catalytic particles, hence large 
nanotubes. 
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Figure 5-10 High magnification of the CNTs produced with a 2 L/min argon flow rate. Pictures are 
taken from a), front b) middle and c) end of the reaction zone respectively, d) CNTs diameter 
distribution at a high argon flow rate. Arrows indicate the growth direction 
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Figure 5-11 Length of the CNT mats produced at three locations along the CVD furnace at (•) 0.5 
and (o) 2 L/min argon flow rates 
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The Raman spectra (Figure 5-12) of the material produced at 0.5 L/min reveals the 
poor quality of the CNT originating from the front of the reaction zone exhibiting a ID/IG 
ratio of 0.8. The carbonaceous material obtained from the centre and back of the 
reactor confirms the lack of crystalline CNTs. For comparison, the Raman spectrum of 
the CNTs produced at 2 L/min in the central location is also shown in Figure 5-12 as all 
three positions produced similar spectra with an ID/IG of =0.6 
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Figure 5-12 Raman spectra of carbonaceous materials produced at 0.5 L/min located at different 
positions within the CVD reactor, along with a reference spectrum of CNTs produced at 2 L/min. 
Many experimental parameters of the injection CVD process were investigated by 
Singh et al. [21] but one key factor which was not investigated in their work was the 
effect of the partial pressure of the reactants. The current work demonstrated that by 
reducing the partial pressure of the precursors in the argon flow, the crystallinity and 
relative growth efficiency are increased while the nominal diameter and diameter 
deviation was reduced. In addition, a decrease in the argon flow rate produced 
considerably larger CNTs with a much greater deviation than when more optimized 
parameters were chosen. It is generally accepted that the CNT diameter is directly 
related to the catalyst particle size [236]; a decrease in the argon flow rate increases 
the probability for the particles to coalesce at the front of the furnace producing larger 
metal particles and hence larger CNTs. Singh et al. [21] obtained a related result as 
they showed that a reduction in the iron/carbon ratio yielded smaller and less defective 
CNTs. The influence of the partial pressure on the crystallinity of the products was also 
confirmed in the present work as shown by the TGA and Raman spectra shown in 
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Figures 5-6 and 5-7 respectively. The growth of a carbon nanotube originates from the 
decomposition of the hydrocarbon precursor into carbon (and hydrogen) and its 
diffusion into the iron particle. When the metal is saturated with carbon, tubes are 
extruded out of the particles [22]. By reducing the partial pressure of the hydrocarbon 
precursor, the carbon diffusion rate in the catalyst is reduced, allowing the carbon 
atoms to form more ordered graphene layers. In addition, a high vapour phase 
concentration of carbon species may be associated with relatively defective pyrolytic 
overgrowth on the surface of the CNTs. This thickening effect may be manifested in 
the high injection rate data. However, the more rapid arrival of iron, with more limited 
opportunity for diffusion into the silica substrate, may simply provide larger catalytic 
particles. 
CNTs synthesized by injection CVD are thought to grow by a base-growth mechanism 
in which the catalyst particle remains close to the substrate as opposed to a tip-based 
mechanism where the particle is carried with the CNT. As the nanotubes mat 
lengthens, the carbon must diffusion through this dense array thereby decreasing the 
growth rate of the mat. A slow growth (or low injection rate) will therefore tend to avoid 
diffusion limitation of the carbon through the mat since the limiting effect of the growth 
is the supply of carbon feedstock. 
5.4 Results and Discussion of tlie characterization of CNT suspensions 
The preparation of acid-oxidized suspension as described in section 5.2.2 is a lengthy 
process. In addition to the actual cost of the CNTs, which remain relatively expensive, 
the time spent on the neutralization of oxidized CNTs solutions, which can take up to 
4-5 days per gram of CNTs, makes CNT suspensions valuable hence, every 
precaution should be taken not to waste any material. In addition, the acid oxidation 
treatment, by definition, destroys some of the carbonaceous material and, therefore, 
the actual concentration of oxidized CNT in suspension is uncertain. 
Several methods can be employed to determine the concentration of CNTs 
suspensions and each will be presented and discussed. The simplest but least 
economical option is to evaporate a known amount of suspension and weight the 
remaining solid residues. The downside with this method is the large amount of 
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suspension (>10 ml per measurement) needed to obtain a reliable measurement on a 
standard balance with 0.1 mg accuracy. In addition, water is readily adsorbed at the 
surface of porous carbonaceous materials [237] introducing significant uncertainties. 
Another alternative, based on the same principle is to employ a high accuracy balance 
on a TGA. The volume of suspension, in that case, is far smaller (and more 
acceptable) than the previous method, merely =50 |jL, but requires significant time and 
relatively expensive equipment. Measurements with a TGA were carried out until 
complete combustion of the CNTs which typically ended before 800 -C. An example of 
such measurement is shown in Figure 5-13 in which CNTs were suspended in ethanol. 
A concentration of =0.04 wt% was determined by measuring the relative weight loss 
associated around 100 -C (solvent evaporation) and at =600 -C associated with the 
CNTs combustion. Note the difference in the order of magnitudes of these values. 
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Figure 5-13 TGA of oxidized carbon nanotubes suspension in ethanol, heated at 10 ®C/min in an 
air flow of 20 ml/min. 
The final method employed to assess the concentration and quality of CNT 
suspensions was inspired by the work of Zhao et al. [231] who employed near infrared 
spectroscopy to measure the purity of single wall CNTs. The method, which relies on 
the calibration against a known sample, is fast and effective in obtaining the 
concentration and quality of the dispersion as a more aggregated solution will absorb 
the light less effectively than perfectly-dispersed, individual CNTs. 
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The calibration was carried out by taking a freshly centrifuged CNT suspension and 
determining its concentration three times, using both techniques described previously. 
Light transmittance was measured on a UV-Vis equipment using an integrating sphere, 
on the freshly centrifuged CNT suspension and diluted suspensions up to a volume 
ratios of 1:64 CNT suspension/ethanol. Figure 5-14 shows the corresponding 
absorbance spectra of the diluted suspensions. 
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Figure 5-14 UV-Vis spectra of CNT suspension diluted with ethanol for a 1 cm path length. The 
CNT suspension/ethanol volume ratios are indicated at the end of their respective spectra. 
Absorbance of the most concentrated suspensions could not be measured given the 
path length of the cuvette and the sensitivity of the spectrophotometer. Only 
suspensions diluted with 4 or more equivalent volumes of ethanol produced 
meaningful spectra in the visible region. From Figure 5-14, the absorbance of each 
solution was extracted at 600, 700 and 800 nm and plotted against the CNT 
concentration (Figure 5-15). 
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Figure 5-15 Reference absorbance plot of oxidized CNTs in ethanol suspension measured with 
an integrating sphere. 
The method can thus be used to quantitatively assess the concentration "C" of an 
absorbing species in solution, in this case CNTs in ethanol, using the Beer-Lambert 
law (Equation 21)[238]: 
A = ECL Equation 21 
where A is the absorbance, £ is a constant known as the extinction coefficient specific 
to the wavelength, material and given solvent expressed in ml.mg"\cm \ L is the path 
length through the sample which, corresponds to the width of the cuvette (i.e. 1 cm). 
The extinction coefficient, obtained from the gradient of the linear fit of Figure 5-15, 
plotted against different wavelengths, is shown in Figure 5-16. 
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Figure 5-16 Extinction coefficients of oxidized CNTs in ethanol, using an integrating sphere (•) 
and standard UV/Vis detector (•) on a dispersed CNT suspension. Extinction confidents are also 
represented for an aggregated suspension (A) scanned with the standard spectrophotometer. 
Note the scale break between aggregated and dispersed suspensions 
The advantage of using an integrated sphere is that it collects all light, transmitted and 
scattered from the sample; since CNTs are likely to both scatter and absorb, the 
integrating sphere makes more accurate measurement of absorption. The 
measurements conducted on the standard UV/Vis apparatus, (i.e. without the 
integrating sphere) shown in Figure 5-16, detected a greater absorption due to the 
additional loss of the scattered emissions. The amount of scattering is particularly 
sensitive to the size of the particle and wavelength of emitting light as expressed by 
the Equation 22 [239]. 
/ oc IK 
T , 
Equation 22 
Where I is the intensity of the light scattered, A is the wavelength and d the diameter of 
the particle. Therefore a more aggregated solution would scatter more intensively and 
exhibit a greater absorption coefficient. The offset between the extinction coefficients 
obtained with the integrated sphere and those obtained with the standard detector can 
thus give a qualitative assessment of the dispersion of the CNT suspension. 
Measurements on a perfectly dispersed CNT suspension, conducted without the 
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integrating sphere, should exhibit extinction coefficient close to those obtained with the 
integrating sphere. 
The use of UV/Vis spectroscopy to measure the concentrations of CNT suspension is 
found to be faster than TGA measurements once the reference scans are completed. 
The technique can be employed for any solvents provided that the calibration is carried 
out for each media. In addition, it was seen that the quality of the suspension can be 
assessed by comparing the extinction coefficients of aggregated suspensions with the 
reference (Figure 5-16). 
5.5 Summary 
Aligned multi walled CNTs were grown by an injection CVD method on quartz 
substrates. The effects of solution injection and gas carrier rate were investigated, 
complementing an earlier study of Singh etal. [21] who had focused on other synthesis 
parameters. The nominal diameter, diameter distribution and defect density were found 
to increase as the injection rate of the precursors was increased. The gas flow rate 
was found to be critical to obtain CNTs mats of constant characteristics throughout the 
reaction zone. Slow flow rate produced long and large CNTs towards the front of the 
reactor which was attributed to an excessive coalescence of iron particles. Meanwhile 
few CNTs were grown in the other parts of the reaction zone where most of the quartz 
substrate was covered with amorphous carbon. These experiments have allowed the 
further optimization of the growth conditions for subsequent synthesis of CNTs for use 
in composite materials. 
Additionally, stable, aggregate-free dispersions of oxidized MWCNTs in ethanol or 
water were prepared for use of subsequent experiments (Chapter 7 and 8). UV/Vis 
spectroscopy was demonstrated to be a reliable method in determining the 
concentration and quality of oxidized CNT suspensions. The technique can be used as 
an alternative to mass-based evaporation methods. 
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Chapter 6 Powder processing of borosilicate glass 
(Duran®)/carbon nanotube composites 
6.1 Introduction 
Powder technology is the most widely employed fabrication method to produce 
ceramic (or glass) matrix composites containing short fibres, particles or whiskers. The 
method, which consists in essence in mixing powder A (the matrix), with powder B (the 
reinforcement) followed by compaction and a densification step, has therefore been 
used extensively to synthesize a range of inorganic matrix composites as reviewed in 
section 3.2. The reason for employing this synthesis route to fabricate borosilicate 
glass matrix-carbon nanotube composites was related to the interest to assess the 
performance of composites fabricated by the most economical method. In that respect, 
commercial Duran® borosilicate glass powder (Schott Glass, Mainz, Germany) was 
employed along with commercial entangled GVD carbon nanotubes (Yorkpoint New 
Energy Sci. & Tech. Department Co. Ltd., Guangzhon, China) in relatively high 
concentration (10wt% CNTs). Based on past research [172], coating the as-produced 
CNTs with a silica layer was considered to enhance the homogeneity of the mixture 
and, therefore, two surface modifications were investigated in this work. Densification 
of the mixtures was performed exclusively in a custom-made vacuum uniaxial hot 
press. The mechanical and electrical properties of the resulting materials is presented 
and discussed in relation with the microstructure and dispersion quality of the CNTs. 
The results were compared with similar composites presented in the literature. 
6.2 Experimental methods 
6.2.1 Powder preparation 
The green powder preparation was carried out by collaborators, Dr Brusatin and her 
group in Padova University, Italy. The experimental work carried out in the framework 
of this project involved the characterisation of the green powders and the fabrication of 
composites, including the complete characterisation of the densified materials. The 
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matrix material was produced from Duran borosilicate glass powder (Schott-Glass, 
Mainz, Germany), with a mean particle size of d50= 11.65 pm. The particle size 
distribution, as displayed in Figure 6-1, was measured with a Malvern particle sizer 
(Malvern, UK). Duran® is a relatively low thermal expansion coefficient glass; it is very 
resistant to corrosion and chemical attack and it is consequently employed extensively 
in the field of chemical industry. The Duran® glass composition is a borosilicate 
system, similar to the Pyrex® composition of Corning. The chemical composition and 
the physical properties of Duran® glass are shown in Table 6-1. This glass has been 
used extensively as matrix for developing composites with ceramic platelet and SiC 
fibre reinforcement [87, 240, 241]. 
4.5 
4 
3.5 
3 
2.5 
2 
1.5 
1 
0.5 -
0 -Ht 
0 
PpPr 
2 3 5 9 14.1 23.1 37.9 62.1 102 
Particle Size (pm) 
Figure 6-1 Particle size distribution of as-received commercial Duran borosilicate glass powder 
Table 6-1 Characteristics of the Duran® glass used as matrix [242] 
Chemical composition (wt%} 
SiOz 81 
B2O3 13 
NaiO+ICiO 4 
AI2O3 2 
Physical properties 
Density (g cm "*) 2 2 3 
Modulus of rupture (MPa) 60 
Elastic modulus (GPa) 64 
Coefficient of thermal expansion (°C"') 3.3 10'^ 
Refractive index 1.473 
Thermal conductivity @25°C (W/mK) 1.3 
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The CNTs employed as reinforcing phase in this study were commercially available 
multi-wall CNTs (Yorkpoint New Energy Sci. & Tech. Department Co. Ltd., 
Guangzhon, China), with a distribution of diameters between 10 and 40 nm. A TEM 
image of the as-received material is shown in Figure 6-2. 
Figure 6-2 HRTEM of as-received commercial CNTs (Courtesy of Prof P. Colombo (Univ. of 
Padova, Italy) 
Two different Duran glass/CNTs mixtures were prepared. The CNT content was 
10wt% in both mixtures. In the first case, CNTs were dispersed in a water solution 
containing 10 wt% of a surfactant (TritonlOO, Sigma-Aldrich) and sonicated for 4.5h. 
This treatment was followed by the addition of tetramethoxysilane (TMOS) along with 
NaOH in molar ratios in relation 30/1/0.01 for water, TMOS, and NaOH, respectively, 
and further sonication for 2 hours. Duran® glass powder was added and the final 
mixture, called mixture 1, was sonicated for another 2 hours. In the second case, 
CNTs were sonicated for 2 hours with TMOS only, followed by hydrolysis using water 
and HCI in proportion 20/1/0.001 (H2O/TMOS/HCI). Duran® glass powder was added 
and the final mixture, called mixture 2, was ultrasonicated for another 2 hours. Both 
mixtures were then calcined at 350 °C in air to remove the water, ethanol and 
surfactant. 
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6.2.2 Densification 
This investigation exploited the use of a uniaxial hot pressing route as it has the 
potential to produce denser materials than pressureless sintering. The processing 
route involved the hot pressing of samples in vacuum at 750 -C using a carbon die, 
with a slow heating rate of 100 -C/h and a holding time of 2h. The compaction pressure 
was 20 MPa which was applied when the sample reached the holding temperature. 
The cooling rate was about 3 -C/min. No further heat-treatment (e.g. annealing) was 
performed on the samples after fabrication. Furthermore, hot pressing of monolithic 
Duran® glass powder was carried out to obtain un re info reed glass matrix samples for 
comparison with the composite. The monolithic glass was hot pressed at 750 °C for 1 
hour and the applied pressure was 5 MPa. The monolithic sample characterized by 
XRD was densified under the same conditions as the composite samples (2h at 750-C 
at 20MPa). 
The hot press used is a custom-made facility illustrated in Figure 6-3, consisting of a 
steel chamber 280 mm in diameter and 320 mm high. A brass water-cooled jacket on 
the steel lid prevented damage to the 0-ring seals. The insulating shields were made 
of carbon-bonded carbon fibre composite elements, coated with a graphite paint. The 
chamber was linked to an EDWARDS rotary high vacuum pump and an EDWARDS 
speedivac diffusion pump. A hydraulic ram, powered by an electric-drive hydraulic 
pump, was mounted to the frame of the chamber while the pressure was manually 
applied with a throttling needle valve. The pressure was applied to the plungers of the 
die using an alumina rod. The die employed in this investigation was made of graphite 
with a bore diameter of 38 mm and 80 mm in height. On average, discs of =3-4 mm in 
thickness were produced. 
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Figure 6-3 Cross sectional view of the vacuum hot press ([243]) 
6.3 Results 
6.3.1 Green powder characterization 
SEM Images showing the starting CNTs/glass mixtures are shown in Figure 6-4(a-d). 
Both mixtures include aggregates of CNTs which have not been fully dispersed during 
the sonication stage. This observation implies that the sol-gel process coating did not 
fully coat some of the dense CNT clusters. However, it appears that the sol-gel 
technique employed for mixture 1 gave a better CNT dispersion, which benefited from 
the use of a surfactant. This slightly improved dispersion explains why mixture 1 led to 
denser composites than mixture 2 (see density results in Table 6-2). 
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Figure 6-4 FEGSEM images of the starting CNT/giass mixtures. Both mixtures exhibit CNTs 
aggregates uncoated by the sol-gel process 
6.3.2 Characterization of densified Duran® glass/CNT composites 
XRD and SEM analyses were performed to characterize the densified materials. The 
XRD patterns in Figure 6-5, obtained from one scan for each material, display the 
amorphous nature of the starting borosilicate glass with a broad peak between 10- and 
30- 20 angle. The green composite powder exhibits a similar broad amorphous halo as 
well as a peak associated with the {002} crystalline plane of the CNTs at 26.8- 29 
angle. The presence of CNTs by XRD in densified composites were however not as 
clear since the {002} CNT peak was less intense. Nevertheless, SEM images confirm 
the presence of CNTs in both the starting mixtures and the hot pressed composites 
(Figure 6-6). Furthermore, in spite of the high alumina content which should prevent 
the Duran® borosilicate glass from crystallizing during the heat treatment [244], the 
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existence of cristobalite was observed by XRD (Figure 6-5) in both the monolithic glass 
and the composite materials. 
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Figure 6-5 X-ray diffraction patterns of a pure green Duran glass, Duran and 10wt%IVlWCNTs 
green, and hot pressed composite (mixture 1) at 750 °C for 2h at 20 IWPa. Note the cristobalite 
formation of the hot pressed specimens 
The characterisation of the microstructure was carried with a FEGSEM on polished 
and fracture surfaces and typical images are shown in Figure 6-6. Both mixtures 
exhibited similar features: it is possible to observe that the dispersion of the CNTs is 
highly heterogeneous throughout the matrix with aggregates of a size as large as 
100 |jm (Figure 6-6a). Unsurprisingly, aggregates observed in the as-prepared 
mixtures are still present in the hot pressed samples. The fracture surface shown in 
Figure 6-6b exhibits some CNTs embedded within the matrix, proving that the 
borosilicate glass can wet CNTs. However, the polished surface in Figure 6-6c 
illustrates the limits of the densification process by viscous flow: some CNTs 
aggregates were not infiltrated by the glass leaving residual porosity. A potential 
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solution to overcome this problem would be to break the clusters with an acid 
treatment [127] as described in section 3.5. The disadvantage of the acid treatment 
process, however, is that it reduces the CNTs length and mechanical properties [245], 
two factors which are of critical importance for structural composites. 
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Figure 6-6 Microstructures of hot pressed specimens obtained using FEGSEM. a), b) and c) are 
images from mixture 1 and show respectively: the heterogeneous dispersion of the CNTs, 
embedded CNTs in the glass matrix, and finally a polished surface exhibiting regions where the 
glass did not penetrate CNTs aggregates, d) Vickers hardness imprint onto the surface of a hot 
pressed sample made out of mixture 2. 
The SEM images did not reveal any open porosity in the glass matrix, which confirms 
that the viscosity of the Duran® glass at that processing temperature (750 °C) is 
adequate for sintering by viscous flow. This fact in turn implies that the remaining 
porosity observed in the composite samples comes only from the voids within the CNT 
aggregates not filled by the glass. Thus, provided these aggregates are well dispersed 
in the starting powders, it can be anticipated that a fully dense material could 
eventually be manufactured by the present method exploiting viscous flow of the glass 
under hot-pressing conditions. 
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Table 6-2 shows that the hot-pressed monolithic glass achieved a =100% relative 
density while the composites achieved 91 and 87% relative density for mixture 1 and 2, 
respectively. Despite the slight difference in aggregate size observed by SEM there is 
not any differentiation between the two mixtures in regards to the mechanical and 
electrical properties of the composites. 
Table 6-2 Properties comparison of monolitliic Duran® borosilicate glass and CNTs/Duran® 
composites (a and b indices correspond to mixture 1 and 2 respectively). 
Sample 
% 
Theoretical 
density 
Hardness 
(GPa) 
Elastic 
modulus 
(GPa) 
Fracture 
strength 
(MPa) 
Electrical 
resistivity 
(Q.cm) 
Composite 
(Duran®+ 
10wt%CNTs) 
91 ±2® 
87±2 b 
6±2* 
5±2^ 
37.0±0.5 2317 13 
Duran® =100 7.410.2 48.010.3 106112 10^ 
In terms of the mechanical performance, the inability of the glass to infiltrate the dense 
clusters of CNTs greatly impaired the performance of the resulting material, especially 
the fracture strength which displayed a 79% decrease. Meanwhile, the elastic modulus 
was not as affected by the porosity level and heterogeneous dispersion of the CNTs 
but nevertheless the value of the composite was 23% lower than that of the matrix. 
However, the electrical resistivity of the composite benefited from the high aggregation 
level of the CNTs thereby providing an easier electron conduction path across the 
material. The relatively low electrical resistivity of the monolithic glass is thought to be 
due to considerable carbon diffusion from the graphite die during the hot-pressing 
process. Indeed, the densified monolithic glass samples were extracted from the die as 
a black opaque disc despite being CNT-free. 
6.4 Discussion 
Powder processing of commercial Duran® borosilicate glass and SiOa-coated 
commercial CNTs was performed to assess the potential of conventional and simple 
processing route in order to manufacture borosilicate glass matrix composites 
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containing a considerable concentration of CNTs (10wt% in this study). Despite 
employing two dispersion methods (mixtures 1 and 2), it was seen that both routes 
yielded poorly dispersed CNTs that were only partly coated with SiOg (Figure 6-4). This 
limited coating will fail to prevent preferential nucleation sites at the surface of the bare 
CNTs for crystallisation of the glass. However, cristobalite was also observed in the 
monolithic glass (Figure 6-5) hence the CNTs do not necessarily trigger the 
crystallization of the Duran® borosilicate glass but nevertheless could still affect its 
devitrification. In fact, the intensity of the cristobalite peaks in the pure glass and the 
composite samples are indistinguishable, within the experimental error considering 
only one scan was carried out. It is, nevertheless, well known that crystallization 
hinders the densification of glasses, since the presence of any crystal in the glass 
matrix will act as a rigid inclusion, thus enhancing the effective viscosity of the sintering 
mass [244, 246]. In fact, CNTs themselves are thought to be responsible for the 
observed relatively poor densification behaviour: it has been widely shown that 
inclusions with a high aspect ratio (fibre-like inclusions, like CNTs, being the most 
critical) dramatically enhance the viscosity of glass [246], and therefore they impair 
viscous flow densification [247, 248]. Thus, CNTs impede the densification process 
both directly and potentially by providing preferential nucleation sites for additional 
cristobalite formation. In addition, the large pores associated with the CNT 
agglomerates negatively affect the densification. The sintered monolithic glass 
samples reached a much higher density (99-100% of the theoretical value) than either 
of the CNT samples. Coating of the CNTs with SiOg (even partially) seems to yield 
denser materials than pristine [172]. SiOg-coating is therefore thought to favour 
densification by minimizing the surface tension between the viscous glass and Si02-
coated CNTs. The modification of the surface of CNTs with silica, as reported by 
Seeger et al. [146], was found to slightly improve the homogenisation of the mixture, 
thus further efforts should focus on the optimisation of the mixing of CNTs and glass 
powders based on "wet" chemical techniques and pre coating of the CNTs with a silica 
layer. The results of Seeger et al. [146] are in agreement with those reported here; 
namely, the interaction between SiOx coating and the silicate matrix improves the 
densification by enhancing the quality of the CNT distribution in the matrix. It is well 
known that composites systems with well distributed inclusions achieve higher 
densities than ceramics composites exhibiting agglomerated inclusions or non uniform 
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microstructures [247]. The possibility of the silica coatings on the CNTs reducing the 
thermal stresses between the CNT and the matrix should not be ruled out. 
Future work should also consider the use of an alternative die to the currently graphite 
material. While the electrical resistivity of a glass should be greater than 10^^ fl.cm 
[242], the data displayed in Table 6-2 demonstrates that carbon diffusion clearly 
enhanced the electrical conductivity to abnormal levels for a monolithic glass. 
Finally, it is worthwhile noting that despite exhibiting lower mechanical properties 
(hardness, stiffness and flexural strength) than the parent un-reinforced glass, CNTs-
containing borosilicate glass matrix composites might exhibit a lower brittleness index, 
as discussed in the literature [249] making it easier to machine and imparting wear 
resistance to the composite in comparison with unreinforced glass 
6.5 Summary 
Conventional powder mixing and hot-press sintering were applied to fabricate 
commercial Duran® borosilicate glass matrix containing 10wt% multiwalled carbon 
nanotubes. Surface modification of as-produced CNTs was found to have little impact 
on the dispersability of the tubes in the matrix. Aggregates of up to 10 microns in width, 
which were initially present in the green powders, could not be infiltrated by the glass 
by viscous flow under optimal hot pressing conditions. Whilst monolithic glass samples 
were fully densified, composite specimens exhibited at best, a relative porosity of 9%. 
However, the lack of open porosity suggests that the remaining pores are due to the 
inability of the glass to infiltrate tightly aggregated CNTs and not to inappropriate hot-
pressing parameters. In regards to the resulting properties, a dramatic drop in the 
mechanical bending strength and stiffness was observed in the composites compared 
to the monolithic glass. Nevertheless, the interconnection of the CNTs greatly 
increased the electric conductivity of the normally insulating matrix to up to 13 Q.cm. 
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Chapter 7 Borosilicate glass matrix composites containing 
carbon nanotubes by sol gel processing 
7.1 Introduction 
This section presents the sol gel preparation of CNTs/borosilicate glass composites. 
The advantage of a sol gel process over standard powder processing routes lies in the 
fact that the CNTs can be homogeneously dispersed in water or solvents. Therefore, 
by a careful addition of a silicate precursor and subsequent hydrolysis and 
condensation reactions, dispersed CNT/Si02 composites can be fabricated. The 
incorporation of boron into the silica network, as investigated in this project, was 
carried out for several reasons: 
• There are no reports in the literature of multi-component silicate matrix 
composite containing carbon nanotubes. 
• Borosilicate glass is a well known technical glass employed in a vast range of 
applications due to its relatively low thermal expansion coefficient, chemical 
resistance and good thermo-mechanical properties (Chapter 6, Table 6-2). As 
such, it is an excellent model system to assess the affects of CNTs on brittle 
matrix composites. 
• The large shrinkage associated with sol gel processes makes the fabrication of 
test samples of consistent dimensions difficult. Densification of the materials by 
hot pressing yields samples of known diameter but requires relatively high 
temperatures, hence it is desirable to lower the process temperature by 
incorporation of boron oxide to the silica network. 
• Sol-gel processing is an important technique and provides a point of 
comparison with powder technology which was explored in Chapter 6. 
The aim of the present investigation was to develop a sol-gel procedure to produce 
dense monolithic borosilicate glass matrix composites with a homogeneous dispersion 
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of carbon nanotubes. The subsequent sections include a brief review of the fabrication 
of borosilicate samples by sol gel method, along with the experimental procedure 
followed in this study. Effects of silicon and boron precursors on the formation of 
borosiloxane bonds was investigated. Moreover, the stabilization of CNT suspensions 
in silicon alkoxide precursors followed by the fabrication of borosilicate glass matrix 
composites containing a range of CNTs concentrations is presented. The materials 
were then tested to determine their mechanical and physical properties as a function of 
the CNT concentration and dispersion. 
7.2 Review on the fabrication of tlie Si02-B203 system by sol gel methods 
Sol gel preparation of oxide glasses is an attractive route to homogeneous 
multicomponent glasses at temperatures far below the melting/softening point. Glasses 
of a borosilicate composition have been prepared using both boric acid [250-254] and 
trialkyi borates [220-222, 255] as the boron source; their homogeneity and chemical 
structure is usually verified with infrared spectroscopy and nuclear magnetic resonance 
[221, 256]. A number of studies have focused on the underlying chemistry occurring in 
this system; for example Irwin et al. [221, 256] carried out a thorough spectroscopic 
investigation of the sol when trimethyl borate (TMB) and tetramethyloxysilane (TMOS) 
were used. Interestingly, while it is expected that TMB will condense with TMOS, 
forming borosiloxane bonds in the liquid phase, very few borosiloxane bonds are 
present in the gel, as the majority are hydrolysed to B-OH by the water excess. The 
majority of the Si-O-B bonds are created during thermal treatment as the temperature 
is ramped up to 450 -C, at which point all boron is incorporated in the silica framework. 
Soraru et al. [222] managed to create significantly more borosiloxane bonds in the gel 
by using modified silicon alkoxides in the form of R-Si(OCH3)3 where R is a 
hydrocarbon compound. They suggest that the hydrophobicity of these hybrid 
organic/inorganic precursors expels the water from the porous structure, thus 
preventing hydrolysis of the borosiloxane bonds. It is however surprising, that very few 
studies actually employed B(0H)3 directly as boron precursor since TMB hydrolyses to 
boric acid in the liquid stage. Recent studies [252, 253] have used boric acid as a 
means to study the viscoelastic behaviour of sodium silicate solutions whilst others 
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[254] use it to promote hydrolisation of the silicate precursor in an anhydrous sol gel 
route. 
In addition to the difficulty of forming direct borosiloxane bonds, the sol-gel method 
often suffers from loss of boron during thermal treatment. This observation has been 
reported regardless of the choice of boron precursor but was most significant with boric 
acid, reaching a maximal boron loss of =6% out of the 12wt% originally introduced 
[220, 250, 251, 256, 257]. Taylor et al. [257] suggest that the most significant loss of 
boron occurs at low temperature (<500 -C) where borate compounds are still capable 
of reacting with the intrinsic or environmental moisture. They suggest that a rapid firing 
of the material can considerably reduce the loss of boron. However, while this 
approach may be possible for coatings, bulk xerogels require extremely slow thermal 
treatment to prevent disintegration of the monolith. 
7.3 Experimental procedure 
7.3.1 Starting materials 
The preparation of a glass by the sol gel method involves the use of alkoxides, 
solvents, catalysts and water. The names, chemical formulae and suppliers of all 
chemicals employed in this work are listed in Table 7-1. Based on the literature 
available, tetramethylorthosilicate (TMOS), methyltriethoxysilicate (MTES) and 
methyltrimethoxysilane (MTMS) were used as modified silicon alkoxides following the 
study of Soraru et al. [222] who demonstrated that a greater concentration of 
borosiloxane bonds were present in their end materials. Boric acid and trimethyl borate 
(TMB) provided the boron addition to the silicate glass and hydrochloric acid was 
employed as catalyst. 3-aminopropylethoxysilane (ARTS) was used to modify the 
surface of carbon nanotubes. All precursors were used as-received without any 
additional purification. 
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Table 7-1 List of the precursors employed for the synthesis of borosilicate glasses by the sol-gel 
method 
Precursor Chemical formula Purity Supplier 
Methyltriethoxysilicate 
(MIES) 
O C H X H , 
1 
C H j - S i - OCH2CH3 
OCHjCHg 
98% Fluka 
Methyltrimethoxysilane 
(MTMS) 
OCH. 
1 
CH- —Si — OCH^ 
3 1 3 
OCH3 
98% Fluka 
Tetramethyiorthosilicate 
(TMOS) 
OCH-
1 
C K O - S i - OCH, 
3 , 3 
OCH3 
96% Sigma-Aldrich 
Boric Acid B(0H)3 99% Sigma-Aldrich 
Trimethylborate (TMB) B(0CH3)3 99% Fluka 
3-aminopropyl 
triethoxysilane (APTS) 
OCH2CH3 
CHgCHgO-Si -CHgCHgCHgNHg 
OCH2CH3 
99% Fluka 
Hydrochloric acid HCI 37% Sigma-Aldrich 
Ethanol CH3-CH2OH 99% Sigma-Aldrich 
Methanol CH3OH 99% Sigma-Aldrich 
Distilled Water H2O -
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7.3.2 Methodology 
A B/Si molar ratio of 0.7 was employed, yielding monoliths with a theoretical boron 
content of 28wt%. Hydrolysis of the precursors was performed with distilled water, 
acidified with HCI to a pH of 2-3. HaO/Si molar ratios were in the range of 3 to 4, 
depending on the silicate precursor used. 
For clarity, a flow chart diagram of the different steps involved in the fabrication of 
unfilled and composite borosiiicate glass gels, is displayed in Figure 7-1. For the 
synthesis of composites, only TMB and TMOS were only employed 
For boric acid-based glasses (Procedure a Figure 7-1), B(0H)3 was dissolved in 
methanol (solubility of B(0H)3 in MeOH=173 g/L at room temperature) and added to 
fully hydrolyzed silicate precursor. The sol was subsequently cast into polycarbonate 
moulds and tightly sealed to prevent substantial boron reaction with atmospheric 
water. 
When trimethylborate was used (Procedure b Figure 7-1), sols were prepared in an air-
tight round bottom flask by mixing half of required amount of the acidified water with 
the silicate precursor until the solution became clear. TMB was added to the solution 
and stirred for 30 minutes at which point the remaining amount of water was added 
and stirred for a further hour. 
Borosiiicate matrix composites were synthesised using the TMB and TMOS 
combination with both oxidized and APTS-modified nanotubes (Procedure c 
Figure 7-1). Modification of CNTs with APTS was carried out by slowly adding the 
oxidized CNTs in ethanol suspension into APTS diluted in 5 ml of ethanol. The 
concentration of APTS was adjusted to be ten times greater than the concentration of 
acid groups on the surface of the tubes (titration studies suggest a concentration of 
«10^® acid sites per grams of refluxed CNTs [132]). The APTS-coated or oxidized 
CNTs were slowly added to the half hydrolyzed silicate precursor. After 15 minutes of 
stirring, the ethanol solvent from the CNT suspension was evaporated with a rotary 
evaporator until the sol became slightly viscous. Meanwhile, the remaining silicate 
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precursor was prepared and doped with boron according to the standard procedure 
described previously. Finally, the CNT and boron containing sols were slowly 
combined and stirred for 15 minutes, before adding the remaining water, and casting 
into polycarbonate moulds which were sealed and were left at room temperature for 
48h to allow gelation. Composites with a concentration of up to 3wt% CNTs were 
fabricated using this approach. 
a)Bo%ic Acid lb) TMB c) Composite 
H2O + TMOS 
B(0H)3 + MeOH 
Cast 
Vt HiO + 
TMOS 
Sikdng ISinin 
TMB 
, ^ Stirling 1$nun ^ K6rnng30niiin 
ViHiO 
Stirdnglfmin ^ ^ SliiixngfiOnun 
Cast 
CNTs susp C+ (EWH + 
APTS) optional) 
% H2O + 
14 TMOS 
1 
Roto vapour for£-30inin 
% H2O + 
'A TMOS 
1 
S^dnsnelSmik 
TMB 
1/4 H2O 
StrmigjOmm 
Mixing 
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Figure 7-1 Flowchart diagram of thie procedures used to fabricate borosilicate glass monoliths 
and CNTs containing composites by a sol gel process 
7.3.2.1 Ageing and drying 
After gelation, the gels were left to age in their sealed moulds at 50 -C for one week to 
allow condensation reactions to take place. Drying of the gels was subsequently 
carried out by heating to 210 -C in air in a standard oven, rising slowly over the course 
of a week, or rapidly over a few hours. 
Prior to densification, the xerogels were stabilized in an electric furnace at 450 -C in air 
to remove any small organic molecules from the system. CNTs are not affected by this 
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treatment as they start to combust at temperature greater than 470 -C as shown in the 
later section 7.4.6.3. 
7.3.2.2 Densification 
Lin-cracked xerogels were subjected to heat treatment in an electric tube furnace at 
temperature ranging between 800-1000 °C in an argon atmosphere. Xerogels which 
were not suitable for direct sintering (due to cracking) were crushed in a pestle and 
mortar, and sintered in a custom-made vacuum uniaxial hot press (described in 
section 6.2.2), at 800 °C at 10 MPa for one hour. The hot-pressing was carried out in a 
boron nitride die which produced discs of 38 mm in diameter. Due to its specifications, 
the hot press can not sustain temperatures above 800 °C, and additional densification 
was carried out at higher temperatures in the tube furnace under an inert atmosphere 
(Ar) and at atmospheric pressure, if required. 
7.4 Results 
7.4.1 Influence of the boron precursor on borosiloxane bonds formation 
For this study, TMOS was employed as silicate precursor mixed with either boric acid 
or TMB. Drying and ageing conditions were kept similar for both batches of samples. 
Figures 7-2 and 7-3 show the FTIR spectra of boric acid and TMB-derived dried 
xerogels and hot pressed samples, respectively. The spectra are characterized by a 
typical SiOa glass structure [221] corresponding to Si-0 bond stretching vibration (v) at 
1120-1020 cm'\ Si-O-Si rocking (p) at 840-790 cm^ and Si-O-Si bending (6) at 460-
400 cm'\ The peak at 940 cm'^ can be associated with silanol Si-OH groups or 
borosiloxane. The presence of boron in the glass structure gives rise to peaks at 1500-
1300 cm"^  (v B-0) stretching as well as borosiloxane at 915 cm"^  and 670 cm"^  
corresponding to (v B-O-Si) and (5 B-O-Si), respectively [221]. Traces of water appear 
at 1630 cm"^  as well as an O-B-0 ring bending vibration located at 570 cm'\ 
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Figure 7-2 FTIR spectra of xerogel samples dried at 210 -C, produced with boric acid and TMB 
as boron precursors 
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Figure 7-3 FTIR spectra of samples hot pressed at 800 produced with boric acid and TMB as 
boron precursors 
In the xerogel state (Figure 7-2) very little primary borosiloxane has formed indicated 
by the low intensity of the peaks at 915 and 670 cm"\ The intensity of the boron peaks 
102 
in the boric acid-derived xerogel is very particularly small; the lack of B-0 stretching 
vibration at 1400 cm'^ indicates that there is very little boron remaining in the sample. 
After hot pressing (Figure 7-3), this observation is confirmed by the small intensities of 
all boron peaks, as well as the rather intense Si-O-Si peak at 460 cm"\ representing 
the deformation of the silica ring. Upon incorporation of boron into the glass structure, 
the silica ring should be more distorted thus reducing the intensity of the Si-O-Si 
bending vibration. On the other hand, TMB derived samples demonstrate a much 
greater degree of boron inclusion than its counterpart, probably as a result of more 
successful formation of primary borosiloxane bridges. As opposed to boric acid which 
bonds to the silica network during its dehydration reactions upon the thermal 
treatment, TMB can create Si-O-B bonds at low temperature by reacting with 
hydrolyzed silicon alkoxide (Equation 23). 
= B — OR + HO — Si = > = B — O — Si = +ROH Equation 23 
This reaction is essential in preserving boron in the glass upon thermal treatment. 
Indeed, numerous studies [220, 257-259] have reported boron loss upon thermal 
treatment of boric acid-containing glasses made by sol gel at temperatures above 
SOO^C. 
7.4.2 Influence of the silicon precursors on borosiloxane bonds formation 
FTIR comparison of TMOS, MTMS and MTES borosilicate xerogel powders is shown 
in Figure 7-4. All three dried xerogels, produced with TMB as boron precursor, were 
optically transparent and did not show any obvious signs of phase separation. 
Identification of the peaks obtained for the TMOS system was described earlier in the 
previous section. 
For the modified silicon alkoxides, besides the bands due to the silicate glass network, 
the presence of Si-CHa in the silicate network gives rise to two additional peaks 
located at 1270 cm'^ and 780 cm'\ In addition (v B-0), (v B-O-Si) and (6 B-O-Si) are 
also present in the spectra; however, the (v B-O-Si) originally located at 915 cm"^  in the 
TMOS-derived gel is shifted to lower wavenumber at 890 cm'\ Soraru et al. [260] 
demonstrated that the stretching vibration of the =Si~0-B= group is hindered by the 
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Si-CHs moieties and that upon pyrolysis, the vibration returns to its normal 
wavenumber as the Si-CHs moieties are progressively substituted with Si-0. 
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Figure 7-4 FTIR spectra of xerogels dried at 210 made from MTMS, MTES and TMOS 
precursors 
The FTIR data on the xerogels indicates a relatively low concentration of borosiloxanes 
bridges formed for all three silicon precursors. Indeed, this observation confirms the 
findings of Irwin et al. [256] who demonstrated that most boron compounds exist in the 
form of = 5 - 0 - / / in the sol. The ageing and drying of the gels partially condensed 
some of the =B-0-H or = B-O-CH^ into primary borosiloxane, hence the small 
intensities of both the 915 and 670 cm"^  peaks for TMOS, 
Figure 7-5 shows the FTIR spectra after thermal treatment at 800-C in air. All three 
silicate precursors have the vibration bands associated with borosiloxanes (dotted 
lines on Figure 7-5) greatly increased compared to the xerogel spectra. Hybrid 
alkoxide samples lost the methyl moiety and all three samples exhibited similar 
vibration bands namely; (v B-0) at 1400±5 cm"\ (v Si-0) at 1095±5 cm'\ (v B-O-Si) at 
104 
920±5 cm\ (p Si-0) at 800±5 cm"\ (5 B-O-Si) at 680±3 cm'^ and (6 Si-O-Si) at 
462±3cm" 
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Figure 7-5 FTIR spectra of TMOS, MTMS and MTES-derived glasses hot-pressed at 800-C 
followed by pressure-less sintering at lOOO^C. For clarity, dotted lines represent the location of 
Sl-O-B vibration bands 
No greater concentration of borosiloxanes bridges seems to be present in modified 
silicon alkoxide-derived samples in contrast to the report of Soraru et al. [260]. In fact, 
none of the samples were truly densified despite being hot pressed at 800 -C for 1 h at 
10 MPa and subsequent pressure-less sintering at 1000 -C for 1 h. In comparison, 
commercial borosilicate glass composition Duran® which contains =0.3 B/Si molar ratio 
as well as other oxides (AI2O3, NaaO, K2O), can be sintered by viscous flow sintering at 
750-C [241]. Despite including 0.7 B/Si molar ratio in the initial sol, a considerable 
fraction of the boron is lost in the process, confirming the difficulty of incorporating 
boron in a silicate glass by sol gel process [257]. Nevertheless, as Taylor et al. [257] 
had suggested, a rapid drying of borosilicate gels over a several hours produced 
samples which could be densified by viscous flow at 800 -C, which indicates a greater 
inclusion of the boron in the glass network. FTIR spectra of densified samples are 
given in subsequent section in Figure 7-12. 
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7.4.3 Stabilization of CNTs in silicon alkoxide sols 
The dispersion of carbon nanotubes into the glass matrix is the principal challenge of 
this study. Indeed a few studies have been reported on the successful dispersion of 
CNTs into glass matrices [145, 152] by using a combination of surfactants and 
sonication or intensive surface modification of the CNTs. It is known that stable carbon 
nanotubes suspensions can be fabricated through surface oxidation and modification, 
as described in section 3.5. CNTs suspensions in polar liquids are stable for long 
periods of time i.e. from several weeks to months. Obtaining a homogeneous glass 
matrix composite containing CNTs thus involves stabilizing the CNTs in the silica sol 
without aggregating or settling the CNTs. 
7.4.3.1 Mixtures of oxidized CNTs and silicon alkoxides 
In this work, oxidized CNTs suspended in ethanol were employed throughout and 
initially mixed with fully hydrolyzed TMOS and subsequently with TMB once the 
dispersion in TMOS was of good quality. The order of mixing of the reaction precursors 
(TMOS, TMB, H2O and CNTs suspensions) was also investigated but it was found to 
have no influence on the outcome of the stability of the CNTs in the sol. All sols yielded 
poorly dispersed xerogels as seen in Figure 7-6. 
CNT-free areas 
CNT-nch areas 
1 cm 
Figure 7-6 Digital camera photographs of xerogels obtained by directly mixing CNT suspension 
with hydrolysed TMOS (1w% CNT). 
A direct addition of stable oxidized CNT suspension into silicon alkoxide generates 
small black particles soon after its introduction. These aggregates could be temporarily 
redispersed by sonication but reappeared once the sol was left to gel. The outcome of 
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such a process yields poorly dispersed CNTs as shown in Figure 7-6. Two hypothesis 
can explain this observation: 
• The sol gel process requires either acid or base catalyst to help hydrolysing 
silicon alkoxides. In our process, HCI was employed to acidify the water to 
pH=2. Zeta potential measurements have indicated that the isoelectric point 
(iep) of oxidized CNTs was in the region of pH=2 or even less [160] suggesting 
that the CNTs loose their charge and electrostatic stability in the sol. To explore 
this hypothesis, the same procedure was carried but in the alkaline range at 
pH=9 in which CNTs have a zeta potential of =-40 mV, but despite this change, 
a similar outcome was observed. 
• The alternative hypothesis is that the carboxylic acids at the surface of the 
CNTs can influence the sol-gel reactions of silicon alkoxides by promoting the 
hydrolysis and condensation of the precursor. In fact, when the CNT suspension 
is added to a TMOS sol, the acid sites can promote almost spontaneously 
hydrolysis of the methoxy group and coat the CNT surface (Figure 7-7 a). 
However, the newly formed bond is not stable in aqueous environment and the 
bond breaks instantaneously forming back COOH and HO-Si groups (Figure 7-7 
b). Nevertheless, the procedure employed (see section 7.3.2) introduces the 
CNTs in partially hydrolysed TMOS, i.e. in water deficient environment. 
Therefore the un-hydrolysed groups of the precursor could coat the CNTs and 
remain bonded to its surface. However, by doing so, bridging flocculation occurs 
in which SiOx chains can preferentially cross link the CNTs (Figure 7-7 c). 
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Figure 7-7 Potential silicon alkoxide reactions at the surface of an oxidized carbon nanotube. a) 
spontaneous hydrolysis of TMOS, b) cleavage of the newly formed bond in an aqueous 
environment, and c) bridging fiocculation where a SiOx molecule cross links two CNTs. 
Adding the CNT suspension at a very slow rate (<5 ml/min) to allow a slow build up of 
a silica layer around the CNT did not improve the stabilization of the sol. 
7.4.3.2 Surface modification of 0-CNTs with ARTS 
Further surface modification of the oxidized CNT surface was induced by treating the 
CNTs with 3-aminopropyl-triethoxysilane (ARTS). This amino-silane molecule is 
expected to preferentially react with the acid sites with the amine as schematically 
shown in Figure 7-8 , leaving a Si-OR terminated coating at the CNT surface. By doing 
so, cross linking of the tubes is no longer promoted since the active surface sites of the 
CNTs are neutralized. Hence, when the ARTS -coated CNTs are introduced in a 
partially hydrolysed TMOS sol, the silicone alkoxide no longer reacts with the CNTs 
and instead homogeneous condensation can take place throughout the sol. 
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Figure 7-8 Surface modification of oxidized CNTs with APTS 
A sol extract taken for HRTEM observation shown on Figure 7-9 confirms the SiOx 
coating at the surface of the CNTs 
The silanization of the CNTs surface before being added into TMOS improved the 
stability of the CNTs. In low CNT concentration (<0.01 wt%), homogeneously grey 
xerogels could be obtained indicating the high stability of the sol. 
CNTirfgraphene I 
SlOx layer 
LEkfuAKw 
Figure 7-9 HRTEM of SiOy coated 0-CNTs modified with APTS (white lines demarcate the 
boundary of the graphite layers associated with CNT) 
7.4.4 Fabrication process of borosilicate glass composite containing CNTs 
As described in section 7.3.2, borosilicate composite sols were prepared from two 
individual sols before being combined in the final stage of the process. This separation 
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was necessary in order to evaporate the excess of alcohol associated with the CNT 
suspension without removing the volatile TMB. 
Upon ageing and drying of the xerogels, a white flaky powder was often found around 
the thread of the polycarbonate cap which was identified as boric acid in a past study 
[221]. More discussion on the source of this boric acid formation is provided in the 
discussion. 
The dispersion of CNTs, as assessed by FEGSEM, is shown in Figure 7-10, at 
concentrations of 0.05, 0.8, 2 and 3wt% of carbon nanotubes. 
The dispersion observed in all samples is excellent up to 2wt% but there is a clear 
evidence of local agglomeration in the 3wt% sample with a characteristic length scale 
of a few microns. 
Density measurements, carried out on the composites and reference samples using 
the Archimedes' method, are listed in Table 7-2. The density of the experimental 
samples was compared to that of commercial borosilicate glass (2.23 g.cm"^) with the 
appropriate concentration of CNTs assuming a density of 1.7 g.cm"^ [132]. It is evident 
that densification of the sol gel material by hot pressing yields significantly denser 
materials than those made by powder processing described in section 6.3.2. The 
densification of sol gel materials does not rely on the infiltration of CNT aggregates by 
viscous flow since all CNTs are already encapsulated and well distributed in the glass 
matrix. This observation suggests that CNT composites made by sol gel process can 
be fully densified regardless of the CNT content by using the hot-pressing method. 
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Figure 7-10 FEGSEM images showing the dispersion of carbon nanotubes in borosilicate glass 
matrix composite with a) 0.05, b) 0.8, c) 2 and d) 3wt% CNTs concentration. 
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Table 7-2 Density measurement data of borosilicate glass matrix composites made by sol gel 
route and densified by hot pressing at 800 -C 
CNT content 
(wt%) 
Measured density 
/ _ ^ ™ - 3 \ 
Relative density (%) 
0 2 . 2 0 ± 0 . 0 1 9 8 . 8 
0 . 0 5 2 . 1 9 ± 0 . 0 1 9&4 
0 . 8 2 . 1 4 ± 0 . 0 1 9 5 . 9 
2 2 . 1 6 ± 0 . 0 1 9 7 . 4 
3 2 . 1 9 ± 0 . 0 1 9 8 . 7 
The XRD data of the reference sol-gel borosilicate glass sample and the hot pressed 
2wt% CNT composite are shown in Figure 7-11. Both patterns display the typical 
amorphous halo of an amorphous silicate structure, however the spectrum of the 
composite material exhibit two peaks identified as cristobalite. 
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Figure 7-11 XRD spectra of a) hot pressed composite and b) monolithic glass specimens. The 
peaks identified as cristobalite have been labelled with their appropriate crystalline plane. 
In spite of being densified at greater temperatures than the commercial Duran® 
borosilicate glass materials and the absence of alumina in the sol-gel-derived 
materials, the intensities of the cristobalite peaks are lower in the current sample than 
in those fabricated by powder processing (Figure 6-5 section 6.3.2) suggesting a lower 
concentration of cristobalite in the present sample. Heterogeneous nucleation of 
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cristobalite should be suppressed since the CNTs are no longer acting as foreign 
inclusions due to the homogeneous glass coating around the CNTs (Figure 7-9). 
However, the presence of crystallisation peaks in Figure 7-11 may imply that a small 
fraction of the CNT surface may not be coated with ARTS and therefore may act as a 
nucleation site. 
The FTIR spectra of the monolithic and composite borosilicate glass are shown in 
Figure 7-12 and confirm that all samples indeed have the borosilicate glass structure, 
as demonstrated by the clearly visible Si-O-B peaks at 920 and 675 cm'\ 
Si-O-B 
Wavenumbers (cm ) 
Figure 7-12 FTIR spectra of the densified sol gel-derived borosilicate materials containing a) 0%. 
b) 0.05%, c) 0.8%, d) 2% and e) 3wt% CNTs 
7.4.5 Mechanical properties 
7.4.5.1 Elastic modulus and flexural strength 
The elastic modulus of the materials produced ranged from 37 to 44 GPa as measured 
from the 3-point bending test as described in section 4.7. In the scale-scale facility 
used, the displacement per unit force was measured, without recourse to strain 
gauges. Therefore, the compliance of the testing machine affected the measurement 
and led to an underestimation of the elastic modulus of the sample. The data 
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presented is intended only for comparison purposes and is not a reliable indication of 
the absolute Young's modulus of the material. 
Table 7- 3 lists the measured values of the elastic modulus along with the respective P 
values of a statistical student t-test that was carried out to assess the reproducibility of 
the data. Figure 7-13 shows the relative elastic modulus of the borosilicate glass 
composites normalized against the reference sol gel borosilicate glass without CNT 
addition. 
The Young's modulus of conventional short fibre reinforced composite materials can 
be estimated using the modified rule of mixtures [81]: 
= T]^ T],E^VJ. + £•„, (1 - VJ-) Equation 24 
where no and r|i are efficiency factors for orientation and length of the fibres 
respectively. Two limiting values for the orientation efficiency, no, are 0.2 and 1 
corresponding to a random 3D and unidirectional orientation, respectively [81]. 
Additionally, considering the large aspect ratio of CNTs, which, even after oxidation, is 
typically well above a micron length (Figure 8-15), the length efficiency factor, qi, is 
assumed to be 1. Taking an elastic modulus for CVD-grown CNTs of Ef= 400 GPa 
[47], Figure 7-13 compares the relative Young's modulus with that predicted by the rule 
of mixtures (Equation 24). No significant improvement is observed at these low 
concentrations of reinforcement; the relatively poor P values tend to suggest that the 
composite moduli are not significantly different to that of the reference monolithic 
glass. However, there may be a rough trend that follows the 3D rule of mixtures up to 
3wt% CNT. At higher CNT concentrations, agglomerations of CNTs, as seen from the 
SEM images in Figure 7-10 affect the microstructure of the composite and the 
measured values no longer fit the predicted elastic modulus. 
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Table 7- 3 Elastic modulus experimental values of borosillcate/CNTs composites 
CNT content (Wt%) 
Measured elastic 
modulus (GPa) 
P values 
(student t test) 
0 41 ± 5 -
0.05 40 ± 3 0.618 
0.8 44 ± 2 0.683 
2 42 ± 3 0.642 
3 37 ±2 0.416 
1.6 
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1 . 2 -
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Relative elastic modulus 
• Rules of mixture 
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Figure 7-13 Normalized elastic modulus of borosilicate glass composites containing CNTs, 
experimental values (•) and calculated by the rule of mixtures (Equation 24) using (a) r|o=1, r|i=1 
a n d (b) rio=0-2, rii=1 
Figure 7-14 shows the flexural strength (modulus of rupture) of the samples as 
measured by the 3-point bend test detailed in section 4.7. It is known that sintered 
brittle materials are particularly sensitive to defects, as advanced by WeibuH's theory 
and examined, for example, by Glandus et al. [261]. Poor sample preparation, or 
difficulties in densification due to the presence of CNTs, may lead to an 
underestimation of the flexural strength; such problems may have arisen in the 2wt% 
CNT composite series. The relatively small number of tested bars (4-5) per CNT 
concentration could result in considerable scatter of values. A student t-test, performed 
on the composite data series, indicates that the 0.05 and 0.8wt% series are not 
significantly different from the monolithic glass with P values of 0.81 and 0.51 
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respectively. Meanwhile, the 2 and 3wt% CNT composite series yielded P values of 
0.003 and 0.025 respectively, indicating that they are significantly different from the 
unreinforced material, but in opposite directions. It is difficult to extract any trends from 
the present plot but the data provide a point of comparison to the compressive strength 
results in the next section. The error bars plotted in Figure 7-14 represent the standard 
deviation of the tested samples but not the likely strength distribution. 
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Figure 7-14 Bending strength) of borosilicate glass /CNT composites 
7.4.5.2 Compressive strength 
Measurements of the compressive strength were carried out using a Zwick benchtop 
tensile machine with a 10 kN cell (refer to section 4.8 for details). Tests were 
performed on stubs with aspect ratio >1.5 and showed a steady increase in strength as 
the CNT content increased. The gradual increase of the compressive strength seems 
however to tail off as the dispersion of the CNTs worsens in the 3wt% CNT 
concentration. In addition, as opposed to the flexural strength, the 2wt% CNTs 
composite samples present a compressive strength proportional to the CNT 
concentration. This supports the hypothesis that the flexural strength data are 
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dominated by statistical noise due to brittle fracture associated with surface and/or bulk 
defects since 3-point bend tests are highly flaw-sensitive. 
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Figure 7-15 Compressive strength of carbon nanotubes containing borosiiicate glass 
composites 
7.4.5.3 Vickers hardness 
Vickers hardness tests, conducted with a load of 3 kg for 10 s (see section 4.6), 
showed a slight increase in hardness with CNT content up to a concentration of 2wt% 
(Figure 7-16). As observed in the stiffness and compressive strength data, 
agglomeration of CNTs in the 3wt% sample led to a decrease in hardness. 
In addition, although the materials are softer than commercial Duran® glass which has 
a hardness of 12 GPa [242], the value of the monolithic borosiiicate glass is in 
agreement with the data obtained by Nogami et al. [220] on their sol-gel made binary 
borosiiicate glass and by other authors on borosiiicate glass matrices [172]. 
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Figure 7-16 Vickers hardness of CNT- borosilicate glass matrix composite materials employing a 
3kg load. 
In addition to determining hardness, the Vickers indentation technique can be 
employed to determine the fracture toughness of brittle materials provided that the 
cracks are of a specific geometry (median type) and that indentation generates cracks 
emanating from sharp corners of the indentation imprint [224] (refer to the 
experimental procedure section 4.6 for details). Several authors have employed this 
technique to assess the toughening effect in ceramic-CNT composites. For example, 
Zhan et al. [173] obtained the greatest toughening imparted by CNTs on a ceramic 
matrix to date with a 200% improvement over a nanopolycrystalline alumina. However, 
discussions are still taking place on the validity of this technique in these composites, 
which exhibit important contact-damage resilience [174] and a lack of consistent crack 
propagation. Wang etal. [174], who carried out an investigation on a similar material to 
the one used by Zhan [173], did not observe any cracks from either Vickers or Hertzian 
indentation techniques. They suggest that the SWCNTs, and to a lesser extent carbon 
black, located at the grain boundaries, allow the composite to deform under shear 
thereby preventing crack formation. The highly localized shear stresses under the 
indenter in this type of composite are said to be characterized by the shear-sliding of 
the numerous interfaces which redistributes stresses. 
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Nevertheless, in the current study, the Vickers indentation method was been partly 
effective in producing indentation imprints with identifiable cracks; Mr Arvanitelis (an 
MSc student) assisted with the collection of the following data. An optical micrograph 
of a typical indentation is shown in Figure 7-17 and the resulting indentation toughness 
Kc values, calculated using Evans' equations (detailed in section 4.6) are shown in 
Table 7- 4. 
Length : 50.0 urn 
Figure 7-17 Vickers hiardness imprint in a 3wt% CNTs borosilicate glass matrix composite 
Table 7- 4 Summary of Vickers indentation fracture for the materials investigated from 10 
imprints per samples 
Material Load (Kg) Indent Radius (Mm) 
Crack length 
(Mm) Kc (MPa.m"^) 
0% CNT 
2wt% CNTs 
3w% CNTs 
1 46±3 
3 67±5 
3 75±7 
47±1 
53±1 
32+3 
0.18±0.02 
0.27±0.02 
0.35±0.07 
A slight increase in the fracture toughness is observed as the CNT content increases 
however the presence of aggregates in the 3wt% CNTs composite sample may have 
led to premature termination of the crack since the tip could not be clearly visible in 
SEM images. 
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7.4.6 Physical properties 
7.4.6.1 Electrical properties 
The procedure for measuring the electric response of the samples is given in section 
4.5. Measurements of the electrical resistivity or capacitance on monolithic borosilicate 
glass samples were not conclusive at room temperature as the material was too 
insulating to read any meaningful electrical response even when employing a more 
sensitive dielectric interface. 
In general, carbon nanotubes noticeably increase the electrical conductivity and 
capacitance of composite materials based on insulating polymers or ceramics [5, 262]. 
They provide a better conductivity and lower percolation threshold than, for example 
carbon black, due to the greater aspect ratio and tendency to form a three dimensional 
network. The electrical conductivity of our composites, shown in Figure 7-18, 
dramatically increases with volume fraction of CNTs, showing a percolation behaviour. 
According to scaling theory, the effective conductivity (a) of an insulator-conductor 
composite near the percolation threshold 0c, can be predicted by a power law [263]: 
for ^ ^ 
where Oc is the conductivity of the composite, 0 is the volume fraction of CNTs in the 
composite, 0 c is the critical volume fraction or percolation threshold and qcnt and tare 
fitted constants related to the intrinsic electrical conductivity of the CNTs and the 
dimensionality of the system, respectively. Qcnt can be estimated to be 10^ S/m, an 
order of magnitude lower than crystalline MWCNTs [264] but consistent with 
expectation of CVD method. The percolation threshold clearly lies in the range of 1-
2vol%. Percolation theory assumes that the dimensionality of the system remains the 
same as the filler content increases. However, an increase in CNT content leads to a 
change in the dimensionality of the network as entanglement and aggregate formation 
become more frequent. As discussed previously, aggregation of CNTs is more 
noticeable in the 3wt% composite, hence, the dimensionality of the model may not be 
consistent across the concentration range. However, the percolation threshold and 
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dimensionality which best fit the experimental data are 1.75wt% and 2.5 respectively. 
For comparison, two and three dimensional CNT systems each exhibit an exponent 
value typically around 1.3 and 2 respectively, although these values reflect the 
agglomerated nature of the networks rather than the ideal statistical case [265-267], As 
an indication, Sandlers et al. [264] obtained a value of 1.2 for a highly aggregated 
CNTs-epoxy matrix composite. 
Although the literature reports percolation thresholds as low as 0.0025wt% [5] for 
entangled CNTs in polymer matrix or 0.05wt% in a ceramic matrix composite [177], the 
higher percolation threshold obtained in this work suggests an excellent separation of 
the CNTs. Low cpc are associated with controlled agglomeration [5] whilst well 
dispersed systems are expected to exhibit higher threshold. Furthermore, it is possible 
that the silanization of the CNTs prevents actively the formation of a three dimensional 
network with direct CNT-CNT contacts. 
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Figure 7-18 Experimental and theoretical electrical conductivity of borosilicate glass matrix 
composite-carbon nanotube composite. The fitted percolation law has a critical filler content 
<I)c=1.75wt% and a dimensionality constant t=2.5 
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The electrical resistivity is plotted for a range of frequencies as shown in Figure 7-19, 
and reveals that, up to a CNT concentration of 0.8wt%, the nanocomposites behave as 
capacitors in the highest frequency range and as resistors in the lower frequency 
range. With further increasing concentration of nanotubes, the conductivity becomes 
frequency independent over the frequency range investigated, indicating a measurable 
DC conductivity and non-dielectric behaviour. 
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Figure 7-19 Electrical resistivity vs. frequency of borosilicate glass composites containing 
various concentrations of carbon nanotubes measured by AC impedance spectroscopy 
Calculation of the electrical resistivity and dielectric constant were performed following 
the procedure described in section 4.5 and are listed in Table 7-5. 
Table 7-5 Electrical data of carbon nanotubes composites 
CNT 
concentration 
(wt%) 
Resistivity 
(D.cm) 
Dielectric constant 
0% >10'*(a) 4-5 [242] 
0.05 &6x109 20 
0.8 1.56 x10® 72 
2 4500 N/A 
3 200 N/A 
(a) Instrument's limit 
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The dielectric constant of the composites has significantly increased as the CNT 
content increased from a value of 4-5 for a borosilicate glass to up to 72 with an 
addition of 0.8wt% CNTs which compares to materials having high dielectric constant 
(£>40). Isolated CNTs are likely to contribute strongly to this dielectric constant due to 
their high polarisability. 
7.4.6.2 Thermal properties 
Thermal conductivity measurements were conducted using the patterned Hot Disk 
method described in section 4.12. The results, shown in Figure 7-20, indicate a 27% 
rise of the thermal conductivity up to 2wt% CNT whilst they remained dispersed in the 
matrix. At a 3wt% CNT content, a sharp drop of the thermal conductivity is observed as 
agglomeration begins to be significant potentially leading to microcracking of the 
matrix. The trend is nevertheless consistent with the observations of Young's modulus, 
since phonon transfer is more efficient in stiff materials. A good dispersion of the CNTs 
is therefore crucial for obtaining a high thermal conductivity for the composites. 
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Figure 7-20 Thermal conductivities of borosilicate glass matrix composites containing various 
loadings of carbon nanotubes. The thermal conductivity of 0% CNTs was obtained from the 
literature [268] 
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7.4.6.3 Oxidation resistance 
An advantage of inorganic matrices compared to polymer or metals is their high 
working temperature. However, a glass or ceramic matrix composite containing CNTs 
must also act as an oxidation barrier to prevent combustion of the CNTs above their 
decomposition temperature which is typically >450 -C. To obtain easily identifiable 
weight losses, the composite with the highest CNT concentration was chosen as it 
would be the most sensitive to oxidation. In order to investigate the temperature 
capability (or oxidation resistance) of borosilicate glass /CNTs composites, a xerogel 
sample containing 3wt% CNTs was crushed into a powder and placed in a TGA 
instrument to determine the weight loss associated with the combustion of the CNTs in 
air. 
As seen in Figure 7-21, a weight loss of about 7% is detected below =150 -C which is 
associated with the removal of water and other volatile compounds present in the gel. 
Between 150 to 500 -C, it is thought that the 4wt% loss is due to either boron 
evaporation or boric dehydration. Above 500 -C, an approximate weight loss of 
=1.2wt% corresponding to the oxidation of the CNTs is clearly visible. 
1 0 0 -
400 .a> 
100 150 
Time (Min) 
200 
Figure 7-21 TGA curve of a crushed 3wt% CNT borosilicate glass composite in air. The inserted 
photograph shows the sample after sustaining a temperature of a 1000 -C for an hour. 
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The sample removed from the TGA was a black and opaque sintered pellet (inset of 
Figure 7-21) containing approximately 2wt% of CNTs, despite having been oxidative 
environment at 1000 -C for an hour. The low loss of CNTs observed can be attributed 
to the burnout of the CNTs located on the fracture surface of the particles, which were 
in direct contact with the oxidizing atmosphere. On the other hand, hot-pressed 
samples did not show any signs of weight loss below 1000 -C, samples remained 
black although with slightly lighter edges. 
7.5 Discussion 
7.5.1 Borosilicate glass matrix 
Borosilicate glasses made by sol-gel have been studied in the past [220-222, 250-255, 
257] and one key parameter that remains problematic is the incorporation of a known 
concentration of boron into the silica network; evaporation and/or segregation of boron 
from the bulk gels has been reported previously [255, 257]. In the current experiments, 
although gels were aged in sealed containers, a white deposit was frequently observed 
around the threads of the cap and on outer walls of the mould on opening. Similar 
deposits have been identified as boric acid by other authors [221]. In addition, the 
initially transparent polycarbonate moulds turned opaque with a slight white coloration 
after ageing the gels at 50 -C. No effect was observed when an empty mould was 
placed along side those containing the gels. The observation of white particles on the 
surface of the xerogels after drying (Figure 7-22), was taken as a sign of boron 
segregation and subsequent reaction with environmental moisture [255]. These gels 
were therefore discarded for any further work. 
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Figure 7-22 Photographs of borosilicate xerogels showing a) boron segregation on its outer 
surfaces (white spots) and b) transparent xerogei without any phase separation 
7.5.2 Borosilicate/CNTs composites 
The procedure described in this chapter yielded the first multl component glass matrix 
composite containing dispersed carbon nanotubes. Despite the publication of several 
reports of sol-gel derived CNT composites [72, 142, 145, 146, 148-153] which have 
been reviewed in section 7.2, a clear methodology to obtain a homogeneous 
dispersion of acid-oxidized carbon nanotubes in a borosilicate glass matrix using a 
simple surface modification process is described here for the first time. The 
functionalisation of the surface carboxylic acid groups must be carefully controlled by 
adding an appropriate amount of ARTS to the oxidized CNT suspension. Too little 
ARTS causes the CNTs to cross link as demonstrated the results in section 7.4.3, 
whilst too much ARTS increases the gelation rate of the sol excessively, limiting the 
processability. The number of active sites, i.e. surface carboxyl or hydroxyl 
functionalities, is however difficult to determine accurately [269] thus the concentration 
of acid groups reported in the literature varies from 0.2 to 3wt% [132, 270-272]. Based 
on the available literature [132], catalytically grown CNTs refluxed in similar conditions 
ratio exhibit 10^^ carboxylic acid sites per gram of CNTs, This value was taken as 
reference point throughout the study. However, the limit in dispersability (3wt% CNTs) 
seen in this study, is not thought to be due to this approximation but rather to a limit in 
the processability. Indeed, as the volume fraction of reinforcement increases, it 
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becomes more and more challenging to preserve a good dispersion due to inevitable 
CNT-CNT interactions. A limit in dispersability was indeed confirmed in a number 
reports both in ceramic and polymeric matrices composites [142, 170, 273]. 
The quality of the dispersion of the CNTs in the glass matrix was demonstrated by the 
clear impact on the physical and mechanical performance. While the flexural strength 
data is visibly affected by Weibull effects, the stiffness, compressive strength, 
hardness and thermal conductivity clearly showed that agglomeration lead to a 
decrease in properties. Conversely, as long as a homogeneous dispersion is 
maintained, a steady increase is observed in all cases. In comparison with the 
literature on glass composites [87, 125, 274, 275], our composite performed well 
considering the modest volume fraction of reinforcement used in this study (<3.7vol%) 
with increases of up 80% for the compressive strength, 14% for the Vickers hardness. 
For comparison borosilicate glass matrix composites reinforced with platelets [87, 88] 
and short fibres [275] obtained an improvement of their flexural strength by 19% for 
5vol% AI2O3 platelets and 17-70% for 5-12vol% short Nextef"^ fibres, of which the 
greatest increase were for fibres showing the best interfacial bonding. Meanwhile, the 
stiffness of the 5vol% AI2O3 platelets composites improved by 5%. 
In our study, the outer surfaces of the CNTs are covalently bonded to the glass matrix 
as described in section 7.4.3. The quality of the wetting can be seen on TEM images 
presented in Figure 7-23 taken from the 3wt% CNTs composite. 
128 
Figure 7-23 TEM images of a 3wt%CNTs borosilicate glass composite at a) low and b) higher 
resolution. The lines located on figure b) delimit the outer surface of the CNTs 
No debonding, porosity or other interfaclal defects can be seen from the images of 
Figure 7-23, suggesting that a reasonable interfacial strength can be expected. 
However, a recent study carried out by Verdejo et al. [276] suggests that the 
assumption that the functionalisation groups are covalently bonded to the graphene 
sheet may be erroneous. The authors argue that half the oxidized groups are actually 
bonded to molecular debris, mere by-products of the reaction, weakly bonded to the 
outer graphene layers of the CNTs. If so, the interfacial strength will be reduced 
potentially impairing the strength of the resulting composites due to a poorer stress 
transfer between the CNTs and the matrix. In fibre reinforced ceramic matrix 
composites, weak interfaces lead to an improvement of the toughness of the material 
by enhancing the work of fracture associated with debonding and fibre pull-out 
mechanisms. When such mechanisms are observed, the fracture surface includes 
fibres protruding out of the fracture plane as well as the voids left by the debonded 
fibres. The fracture surfaces, seen in Figure 7-24, do not show any visible voids but 
however clearly show extensive pull-out. 
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Figure 7-24 Fracture surfaces of a 2wt% CNT glass matrix composite at a) a low and b) higher 
magnifications showing both the homogeneous dispersion and the CNTs protruding from the 
fracture plane 
Numerous CNTs are seen protruding out of the fracture plane; however, the holes left 
by the pulled-out CNTs are less obvious. It is possible that the metal coating deposited 
for SEM imaging may have covered the holes. If so, brighter shallow spots on SEM 
images may hint on the location of pulled out CNTs. Narrow cracks left by Vickers 
indentation do show the presence of voids in the crack wake as circled in Figure 7-25. 
Interestingly, based on the short fibre theory, the interfacial strength between the CNTs 
and the glass matrix can be estimated by employing the measured pull out length in 
Figure 7-25 b). The shear stress required to pull out a CNT must be lower than the 
stress required to pull it out over a distance L. Thus, in the limiting case where L is the 
longest measured distance (-100 nm from Figure 7-25 b), the following relation can 
be expressed as: 
where the interfacial shear stress t is assumed as being constant along the length of 
the CNT. The work done in pulling this CNT out is therefore given by: 
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At/ = J" iTtrxtdx Equation 25 
AC/ = TD'Xn T Equation 26 
where Xo is the embedded length of the CNT concerned on the side of the crack where 
debonding occurs (xo = L). 
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Figure 7-25 a) Cropped and magnified Vickers indentation crack showing a limited amount of 
CNTs pulled out of their sockets (circled) and b) the CNTs are seen fracturing in the crack wake 
indicated by the arrows. The circles CNTs in image b) show a clear crack bridging phenomenon. 
Images taken from a 3wt% CNT composite specimen 
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If there are N CNTs per m^, then there will be a number (N dxo / L) per m^ of CNTs with 
an embedded length between Xo and (xo + dxo)- This allows an expression to be 
derived for the pull-out work of fracture, Gc: 
2 
Gg = J T Equation 27 
0 ^ 
N is related to the volume fraction of CNT Vf by: 
Equation 28 
thus, 
''z -
L 
1 3 Equation 29 
0 
which can be simplified as 
1 9 
G ^ = — V j a r T Equation 30 
where a is the aspect ratio and r the radius of the CNTs. The work associated with the 
pull out of acid treated CNTs is therefore minimal, in the order of =50 J/m^ assuming 
Vf=10%, a=100, r=10 nm, andT = 10MPa. Toughness of brittle matrices containing 
CNTs may however exhibit additional toughening mechanisms such as CNT buckling 
observed by Xia et al. [36]. Moreover, the waviness of the CNTs can add additional 
work as the bends and kinks may increase the frictional forces during pull-out as 
observed from Figure 7-25 where the CNTs are clearly seen being pulled at an angle. 
It is worth pointed out that unlike conventional fibres, CNTs can sustain large bending 
deformations [46]. 
Nevertheless, while the fracture toughness of glass and glass-ceramic matrix 
composites can be particularly improved with continuous fibre reinforcement [277-281], 
the use of more affordable powder technology processing routes makes dispersed 
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reinforcements, such as particles, whiskers and platelets, of brittle materials an 
attractive alternative [282]. Conflicting reports have been published on the toughening 
capability of CNTs [36, 173, 174] and although the basic toughening mechanisms of 
short fibres or whiskers reinforcements (mainly crack deflection and crack bridging) are 
different from continuous fibres such as debonding and pull-out [283], the large aspect 
ratio of the as-produced CNTs may take advantage of both type of reinforcement. The 
modest increase of fracture toughness observed in our materials seems indeed to 
support the general understanding that CNTs may toughen a brittle matrix but the 
indentation method employed to quantify the fracture toughness may not be suited for 
this type of materials as explained in the Vickers indentation section 7.4.5.3. Moreover, 
although the present work focused on borosilicate glass, the procedure allow the use 
of other sol-gel precursors which would allow a wider range of applications where wear 
and contact damage resilience are key properties as demonstrated by the work of 
Wang et al. [174], such as bearings, valves, nozzles, seals, wear parts, armour and 
prostheses to name a few. The other fundamental effects of CNTs may be exploited in 
applications such as biomedical devices or those requiring electromagnetic shielding. 
The thermal conductivity of the composites exhibited a considerable increase in 
comparison to polymeric systems [284, 285]. As opposed to the electrical conductivity 
which benefits from a percolating network, thermal conductivity requires good 
interfacial bond strength of adequate thermal impedance to enable phonon transfer. 
7.6 Summary 
The sol gel process has been shown to be an excellent option for fabricating CNTs 
containing brittle matrix composites. The main result has been the excellent dispersion 
of the CNTs achieved in the borosilicate matrix up to a CNT concentration of 2wt%. 
The process relies on employing acid-oxidized CNTs suspended in ethanol. The CNTs 
must be pre-coated to prevent cross-linking and aggregation of the CNTs within the 
silicon alkoxide sol. This was achieved by functionalizing the carboxylic groups with 3-
aminopropyl triethoxysilane. By doing so, a range of borosilicate glass matrix 
composites exhibiting a homogeneous dispersion of carbon nanotubes was fabricated 
and tested. The quality of the CNT/matrix interface was examined by high resolution 
TEM micrographs which explains in part, the relative improvement of the mechanical 
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properties and thermal conductivity at low concentrations of CNTs up to a 
concentration of 2wt% where CNTs are shown to be homogeneously dispersed in the 
matrix. At 3wt% CNTs, aggregation is clearly visible from SEM images which results in 
a drop in the mechanical and thermal properties which may also be due to matrix 
microcracking. In addition, the silanization of the CNT surface prevented considerable 
crystallisation of the matrix. The electrical conductivity of the composite fitted the 
percolation law theory with a critical volume content of 1-2% which is relatively high 
compared to other reports supporting the fact of the excellent dispersion of CNTs 
achieved by the sol gel process. 
The present investigation demonstrates a straight forward approach to disperse CNTs 
into brittle matrices via the sol-gel process. Although the work focused specifically on 
the borosilicate system, the procedure can be applied to other sol-gel precursors to 
produce for example alumina, lithium alumino-silicate or titanium dioxide matrix 
composites containing CNTs. Such composites may find a wide variety of applications. 
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Chapter 8 Manipulation of carbon nanotubes by 
electrophoretic deposition 
8.1 Introduction 
Electrophoretic deposition (EPD) is a well established processing technique used in 
the ceramic industry that has attracted both academic and industrial interest due to its 
versatility and low costs. EPD enables the coating of complex shapes with a wide 
range of materials or combination of materials, and it is cost-effective, requiring only 
inexpensive equipment [190]. One of the challenges in employing CNTs, in a variety of 
situations, is the problem of how to manipulate them, either individually or collectively, 
to produce a particular arrangement needed for a given application. EPD is receiving 
an increased interest for the production of carbon nanotubes-based devices, in 
particular, for field emission devices which account for the majority of the EPD devices 
literature [202-209]. Moreover, if CNTs are to be combined with other materials to form 
composites, it is generally necessary to develop processing techniques that disperse 
the CNTs homogeneously in the appropriate polymer, metal or ceramic matrix. While 
Chapter 6 and 7 focused on the synthesis of bulk borosilicate glass matrix composites 
containing carbon nanotubes, composite coatings are also of interest since they have 
extensive potential applications as catalyst supports [286], photovoltaic cells [287, 288] 
or biomedical devices [60, 61, 216, 289]. For an introduction to EPD and its associated 
mechanisms, the reader should refer to section 3.6.5. 
This chapter describes the use of EPD to produce both pure CNT and CNTs/ceramic 
films or coatings on metallic substrates. EPD was employed to coat planar stainless 
steel electrodes with carbon nanotubes in an effort to gain a better insight into the 
CNTs deposition process. The co-deposition of carbon nanotubes and commercial 
titanium dioxide nanoparticles (Degussa's P25) was also demonstrated. 
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8.2 Experimental methods 
Electrophoretic deposition of carbon nanotubes was carried out from aqueous 
suspensions, prepared according to the procedure described in section 5.2.2, namely 
acid-oxidation of as-produced MWCNTs followed by neutralization with distilled water. 
The pH of the suspension, measured with a calibrated pH meter, was 4-5 (it is worth 
noting that the pH of the distilled water was around 5.5 due to CO2 dissolution). The 
solid concentration of the suspensions was varied by dilution or evaporation of water 
with a rotary evaporator and was measured by TGA and/or UV/Vis spectroscopy as 
detailed in section 5.2.2. The fabrication of composite coating of Degussa's P25 TiOa 
nanoparticles and CNTs was carried out by mixing 10wt% of Ti02 with a known 
concentration of CNT suspension. No other additives were added such as surfactants 
or base/acids. The solution was subsequently sonicated for 30min initially and for 5 
minutes between each EPD depositions. 
EPD was carried out on planar 316L stainless steel electrodes (15x15 mm^) cut from 
300x300x0.2 mm^ foils with a guillotine. The electrodes could be aligned either 
vertically or horizontally to explore the impact of gravity. Prior to deposition, the 
electrodes were cleaned and degreased with acetone to remove any organic material 
on the surface. 
The experimental setup, shown in Figure 8-1, consists of an electrophoretic cell 
connected to a TTi EL561 DC power supply with a maximum potential of 55 V and a 
computer-assisted TTi 1906 multimeter from which the current was recorded. 
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Figure 8-1 Schematic of the EPD cell 
EPD was performed under constant voltage conditions in the range of 2 to 55 V, with 
an electrode separation of 2 cm. The deposition times investigated varied from 2 to 15 
minutes but this range depended on the voltage used in order to minimise 
ageing/aggregation of the CNT suspension. EPD was carried out using the same 
suspension for up to ten successive experiments depending on the parameters 
(voltage, deposition time) employed. A diluted sample of the suspension attested of the 
dispersion of the CNTs. 
The yield was measured by weighing the working electrode before and after deposition 
using a 4 decimal accuracy balance. Once deposited, the electrodes were dried at 
ambient atmosphere for 24h before recording the weight gain. 
8.3 Electrochemical behaviour of oxidized CNTs in aqueous suspension 
Placed in an electric field E, each CNT undergoes a polarization P which can be 
divided into two distinctive contributing vectors, one parallel P=, and one perpendicular 
P-Lto the tube axis. Benedict etal. [290] suggested that the high anisotropy of the CNT 
gives rise to a static polarity much greater along the tube axis than across its diameter. 
This disparity between the two vectors generates a torque Ne, acting on the tube 
thereby aligning itself along the electric field. A schematic diagram of the concept is 
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displayed in Figure 8-2 [291]. This behaviour has been observed for both single and 
multi walled CNTs subjected to an electric field [291-293] 
Figure 8-2 Schematic representation of the polarization of CNTs when subjected to an electric 
field (after [291]) 
As the CNTs rotate and align themselves across the electric field, the likelihood of 
having CNTs touching each other decreases but polarization of the CNTs encourages 
electron transfer hence reducing the resistivity of the suspension as seen in Figure 8-3. 
The decrease in resistivity might therefore be due to alignment of the CNTs at field 
strengths greater than 15 V.cm'\ 
8-1 
7 -
I 
5 3 O 
5V.cm" 
10V.cm 
ISV.cm" 
2 3 4 
Deposition Time (min) 
Figure 8-3 Current evolution vs. deposition time at various field strengths. Note a rise in the 
recorded current at 15V.cm"\ possibly corresponding to the alignment of the CNTs in 
suspension. 
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In an DC field, as used in the EPD process, charged particles (or CNTs) migrate 
towards the oppositely charged electrode according to their electrophoretic mobility 
which can be described by the Smoluchowski equation [195] (Equation 31) 
'^CNT _ | 
VE 
Equation 31 
where p and u are the electrophoretic mobility and velocity of the CNTs in solution, ^ is 
the zeta potential of the CNTs, £e and £o are the dielectric constant of the electrolyte 
and permittivity of free space, E the electric field and n the viscosity of the electrolyte. 
The acid oxidation treatment introduces oxygen-containing groups at the surface and 
tips of the CNTs, especially hydroxyl, carbonyl and carboxylic functionalities. These 
groups provide electrostatic stabilization in water [74] and an overall negative electrical 
charge to the CNTs as seen, for example, from the zeta potential measurements of 
Esumi etal. [127] shown in Figure 8-4. 
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Figure 8-4 Variation in the zeta potential of oxidized CNTs witli a mixture of sulphuric and nitric 
acid at various times, (after [127]) 
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With an isoelectric point lower than pH=1, oxidized CNTs in water are therefore 
expected to migrate and deposit on the anode of the EPD cell. This behaviour was 
indeed confirmed in our experiments. 
8.4 EPD of oxidized CNTs in water 
8.4.1 Deposition rate 
Carbon nanotubes were deposited onto stainless steel electrodes at 5, 10, 15 and 
20 V.cm'\ for up to 15 minutes from suspensions containing 0.1 wt% CNTs. The mass 
deposited per unit area versus time is shown in Figure 8-5 with linear fits constrained to 
pass through the origin. 
Table 8-1 indexes the slope of the linear fits obtained from the experimental data. 
Theoretical values of the deposition rate, predicted using the Hamaker's equation [294] 
(Equation 32), are also shown in Table 8-1. The Hamaker's equation can be written as: 
dY 
— = a ^ E S C j Equation 32 
at 
where Y is the yield (Kg), t is the deposition time (s), jj is the electrophoretic mobility 
(2.84x10"°® m^.V'\s."^), E the electric field (V.m"^), S is the electrode surface area (m^) 
and Cs is the solid concentration of the suspension (1 kg/m^). a is attachment 
efficiency that takes into account that not all the CNTs arriving at the electrode may 
become attached to it. The electrophoretic mobility was calculated according to 
Equation 32 assuming a suspension viscosity of 0.001 Pa.s based on the work of 
Shaffer etal. [132] and a absolute zeta potential of 40 mV (Figure 8-4 [127]). 
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Figure 8-5 IVlass of CNTs deposited at 5,10,15 and 20 V.cm ^ in a 0.1 wt% aqueous suspension. 
Table 8-1 Experimental and theoretical deposition rates at various field strengths. Theoretical 
calculations were based on Hamacker's equation [294] (Equation 32). 
Field 
strength 
(V.cm"') 
5 
10 
15 
20 
Linear fit slope Theoretical 
(mg.cm ^.min )^ (mg.cm ^min"^) 
0.04 
0.09 
0.10 
0.19 
0.04 
0.08 
0.12 
0.17 
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0.26 
0.24 
0.22 
0.20 
0.18 
0.16 
0.14 
0.12 
0.10 
0.08 
0.06 
0.04 
0.02 
OIO 
Experimental 
' Hamaker fit (a=0.5) 
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Figure 8-6 Experimental and theoretical deposition rates of carbon nanotubes in an aqueous 
suspension at different field strengths. Predicted deposition rates were calculated using the 
Hamaker's equation (Equation 32) with a efficiency factor a= 0.5 
The linear fit shown in Figure 8-6 was calculated with an efficiency factor a of 0.5 (in 
Equation 34) indicating that a large fraction of the CNTs either does not adhere to the 
electrode or is washed upon removal of the deposit from the suspension. Many authors 
have neglected the use of efficiency factors due to the similarity between theoretical 
and experimental values, as shown for example by Van der Biest eta\. [294]. The large 
aspect ratios of CNTs, however, may impair their ability to form a deposit dense 
enough to sustain the capillary forces exerted upon removal of the electrode from the 
suspension. Certainly, the use of the Hamaker's equation to describe the kinetics of 
EPD of CNTs has not been the subject of previous investigations. While a further 
theoretical treatment of the topic is beyond the scope of the present project, the current 
results do show that with appropriate adjustment of the value of the efficiency factor, 
the Hamaker equation provides a suitable tool to predict the deposition rate of CNTs 
during EPD, under constant voltage conditions. 
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8.4.2 Effect of the field strength and suspension concentration on mass of 
CNTs deposited 
The effect of the field strength on the mass deposited by EPD was investigated on 
suspensions containing 0.1 wt% of CNTs. The obtained data (mass per unit area) is 
represented in Figure 8-7 for three deposition times: 5, 10 and 15 minutes. 
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Figure 8-7 Effect of field strength on the CNTs mass deposited by EPD at various deposition 
times 
Overall, an increase in the field strength directly resulted in an increase of the yield, as 
expected, since the mass of material deposited is proportional to the field strength 
according to Haymaker's equation (Equation 32). For long deposition times such as 15 
minutes, increasing the field strength does not seem to increase the yield. Increasing 
either the field strength or the deposition time leads to an accelerated ageing of the 
suspensions, or in other words, that aggregation of the CNTs was irreversible even 
after considerable sonication. A diluted sample of an aged suspension would for 
instance contain a significant concentration of aggregates instead of being with a 
homogeneous grey shade. Although CNTs aggregates can migrate and deposit onto 
the electrode in the same way as individual CNTs, they attach less firmly to the 
substrate and are more easily removed from the deposit upon withdrawal from the 
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suspension. IVloreover, CNTs agglomerates are likely to lead to a highly 
inhomogeneous microstructure of the deposits which is undesirable. 
By varying the suspension concentration at constant deposition time, a similar trend 
can be observed (shown in Figure 8-8) in which the saturation of the yield consistently 
decrease as the suspension concentration is reduced. Formation of aggregates for low 
electric field (<10 V.cm'^) can be ruled out since the alignment of the CNTs at this low 
electric field should be minimal. It is therefore hypothesized that the saturation is, in 
this case, due to a depletion of CNTs around the electrode and the rate at which this 
occurs is therefore dependant on the original solid concentration of the suspension. 
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Figure 8-8 Effect of the suspension concentration on the CNT yield for a deposition time of 10 
minutes 
8.4.3 Microstructure 
At 5 V.cm"\ little deposition was observed even for long deposition times. At this field 
strength, the deposited nanotubes are very loose and can be easily be dragged off 
upon withdrawal of the electrode from the suspension. The homogeneity of the CNT 
films were clearly not uniform as areas of the uncoated electrodes occur as well as 
substantial drying marks on the surface as shown in Figure 8-9 and Figure 8-11 at a 
higher magnification. 
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Figure 8-9 Digital camera photographs of typical dried CNT films on stainless steel electrodes 
produced with an electric field strength of a) 5, b) 10, c) 15 and d) 20 V.cm \ 
From electric field values of 15 V.cm"^ and above, the homogeneity of the deposits was 
greatly improved. One hypothesis is that alignment of the CNTs may improve 
homogeneity, adhesion and cohesion of the deposit, as represented in the schematic 
diagram in Figure 8-10, by increasing the packing density. At higher field strength, it is 
possible that the perpendicular orientation of the CNTs would improve the order within 
the CNT deposit thereby increasing the number of CNT-CNT contacts and the integrity 
of the film. 
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Figure 8-10 Schematic representation of the CNT deposits by EPD at a) low (<15V.cm ) and b) 
higher electric field strength while the electric field is maintained. 
Figure 8-11 show perpendicular views of CNT coatings deposited at 5 and 15 V.cm'\ 
As seen from the insert in Figure 8-11 b), the deposit consists of entangled, 
interconnected CNTs, mostly orientated parallel to the substrate, and does not 
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corroborate the previous suggestion of alignment of the CNTs. This behaviour is 
discussed further below. 
Coatings produced at low field strengths, such as at 5 V.cm"^ and shown in 
Figure 8-11 a), have poor homogeneity and "tide mark" defects which reflect the low 
density of the deposit. CNTs which are not entangled or bonded strongly enough to 
their neighbours, can be washed off easily by capillary forces upon removal of the 
electrode from the suspension or during evaporation and drying of the film. On the 
other hand, by increasing the field strength, the density of the CNT film is raised so 
that no drying defects are observed as shown in Figure 8-11 b). 
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Figure 8-11 Top view of CNTs deposited by EPD at a) SV.cm'^ and b) 15V.cm"^ for 10 minutes 
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The CNT network can accommodate strain readily without cracking or peeling off even 
under considerable deformation of the substrate electrode. Fracture surfaces of films 
were obtained by scratching parts of the coating with a razor blade or scoring the 
electrode before deposition. The results of both sample preparation techniques are 
shown in Figure 8-12. 
CNT coating 
thickness 
CNT coating 
substrate 
: Bare substrate 
Signal A = SE2 Dale 2 3 Mat 2006 Signal A > InLent Date .20 Apr 2004 
P W o N e = 1048 Tun* 1241 58 
EHT = 10 00kV EHT = 20.00 kV 
M«9 = 521X J^sg= 18.07 KX 
Peeled coating m 
CNT coating 
Bare substrate 
« 10.00kV * p W A » S E 2 Data :12May 2005 
Photo No. = 4432 Tima :13 j300 Mag= 122X | — F 
Figure 8-12 Fracture surfaces of CNT coatings deposited on metallic electrodes at a) 15 V.cm^ 
for 7 minutes, b) 20 V.cm'^ for 4 minutes and c) 20 V.cm"^ for 3 minutes respectively. Images a) 
and b) were obtained by scratching the coating with a razor blade. Image c) by scoring and 
partially breaking the electrode after deposition, images d) and e) correspond to the upper and 
lower fractured surfaces of the CNT film, respectively. 
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Figure 8-12 a) and b) are not images of a "true" fracture surface since the coating layer 
has been cut with the blade but it is possible to measure the film's thickness more 
easily than on fractured films, as seen in Figure 8-12 c) d) and e). Figure 8-12 c) 
shows a partially cut electrode bent at =90- with its CNT coating still adhered to the 
substrate upper surface. Figure 8-12 d) exhibits a typical fracture surface of a fibrous 
material in which the fibres are orientated in the direction of the fracture. 
The thickness of the deposit was usually observed to be larger at the bottom edge of 
the electrode than in the middle by =10-20% with the largest deviation for deposits 
made at 5 and 10 V.cm'\ This effect is thought to be due to the drag of the material 
upon drying. The variation of the thickness with time for field strengths of 10 and 
20 V.cm"^ is represented in Figure 8-13. The values were determined by vertically 
mounting the EPD electrodes in an epoxy matrix, grounding to half the length of the 
electrode to view the centre of the electrode, and polishing for SEM imaging. Typical 
images of cross sectional areas are shown in Figure 8-14. 
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Figure 8-13 Evolution of the thickness of CNT deposits made by EPD at 10 and 20 V.cm"^  with 
deposition time 
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Figure 8-14 Polished cross section Images of CNT coatings deposited on stainless steel 
electrodes made at a) 10 V.cm"^ for 15 minutes and b) 20 V.cm ^ for 4 minutes. The dashed lines 
delimits the CNT film. 
By increasing the field strength, a considerable increase in the coating's thickness can 
be noticed even at low deposition time. For example, the coating produced at 
20 V.cm"^ is twice as thick as the one made at 10 V.cm'\ The variation in thickness 
between "aligned" and "random" deposition widens even more as the deposition time is 
increased, for example the thickness is =12 |im for 20 V.cm"^ and ~4 lam for 10 V.cm"^ 
for a deposition time of 10 minutes. 
8.5 Combination of CNTs and colloidal particles by EPD 
Although CNT coatings could find extensive use on their own as electrodes in 
supercapacitors, biomedical scaffolds, or field emission devices, a wider range of 
applications would be possible by combining CNTs with other type materials. While 
several papers describe the deposition of ceramic (MnO) and metallic particles (Pt) 
onto CNT networks by electrophoresis [67, 75, 295], there is no report on the co-
deposition of colloidal particles and CNTs in the same operation by EPD. The purpose 
of this section is to investigate the feasibility of fabricating composite ceramic coatings 
containing carbon nanotubes by a co-deposition process from the same suspension. 
In this study, Degussa's P25 Ti02 nanoparticles were chosen as a model material. 
P25 is composed of 70% anatase 30% rutile with a mean particle size of 21 nm and 
specific surface area of 50 m % [296]. The isoelectric point of these commercial 
nanoparticles in aqueous environment was determined in several studies [297, 298] 
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and it was found to be at approximately pH 6-7 whilst exhibiting a zeta potential of +20 
mV at pH=4. 
It is known that when two sols containing oppositely charged particles are combined 
mutual attraction is likely [195]. Hence, by combining negatively charged CNTs with 
positively charged TiOa particles in an aqueous suspension, TiOa particles are found 
covering the surface of oxidized CNTs, as observed in the TEM image shown in 
Figure 8-15, taken from a CNT/TiOa suspension at pH=4. 
mm 
T1O2 particles 
CNT support 
Figure 8-15 TEM image of oxidized CNT covered by Ti02 nanoparticles (Degussa's P25), obtained 
from a suspension at pH 4 
Under an applied DC field, it was found that the TiOg-coated carbon nanotubes 
migrate towards the anode, forming a porous composite coating with dispersed CNTs, 
as observed in Figure 8-16. The figure shows the fracture surface of a film obtained at 
20 V.cm"^ for 4 minutes from a 10wt% Ti02-0.05wt% CNT aqueous suspension. The 
CNT content of the deposited film was determined by TGA as shown in Figure 8-17. 
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Figure 8-16 CNT/Ti02 composite coating obtained by EPD in a single co-deposition step from a 
0,05wt% CNT- 10wt% TiOa aqueous suspension. The arrows indicate some CNTs protruding out 
of the TiOa porous matrix. 
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Figure 8-17 TG A curve of a CNTs/TiOa coating (Figure 8-16) co-deposited by EPD from a 0.05wt% 
CNT/1 Owt% TiOg suspension. The CNT content is calculated from a change in slope of the curve 
at 400-650 ^C, equivalent to a CNT concentration of =0.5wt%. 
A concentration of 0.5wt% CNT was measured in the film matching very closely the 
original TiOa/CNT weight ratio of 200 in the suspension. 
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8.6 Discussion 
Electrophoretic deposition was used to fabricate carbon nanotubes films on metallic 
substrates. The quality of the microstructural homogeneity of the film was greatly 
affected by the deposition's field strength. Under 15 V.cm"\ it was found that the 
microstructural homogeneity drastically decreased due to poor cohesion and 
interconnection between the CNTs. It is hypothesised that increasing the field strength 
may lead to the orientation of the CNTs in suspension, thereby depositing 
perpendicularly to the substrate, as represented by Figure 8-10. However, the 
microstructure showed in Figure 8-11 showed CNTs randomly orientated across the 
substrate. Loss of orientation is principally thought to be happening during the drying 
process and upon removal of the liquid which acts like as binder between the CNTs. 
Similar orientation changes was observed by Shaffer et al. [132] while studying the 
drying effects in bucky papers. Other possible contributing factors for the random 
orientation of the CNTs include the loss of electric field and/or the drag of the capillary 
forces when the electrode is withdrawn from the suspension. However similar 
microstructures were obtained when electrodes were horizontally positioned as shown 
for example on the SEM image in Figure 8-18. 
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Figure 8-18 Microstructure of a CNT coating obtained by EPD carried out in an EPD cell with the 
electrodes positioned horizontally at 15V/cm for 10 minutes. No difference is observed with 
vertically deposited films seen in the inset of Figure 8-11 b). 
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A final hypothesis is that orientation does not occur in the solution and that CNTs 
migrate randomly between the electrodes. Such behaviour seems unlikely considering 
the numerous studies that have reported alignment of CNTs both in viscous media 
(resin) at greater field strength (>100 V/cm) [291] or in solvents in the range of field 
strengths investigated in this project [299 ]. Deposition of aggregates similarly would 
result in a loss of alignment but at seen in Figure 8-3, aggregation really starts to be 
significant at field strength >15 V/cm or longer deposition times, which also result in 
lower deposit densities. 
The large potential applied in this study across an aqueous suspension should 
dissociate water molecules at the electrodes according to the following equations: 
Anode ; 4-OH —> O, + 2.H^ O + 4-e 
Equation 33 
Cathode : Ae~ + —> I H j 
Considerable bubbling was indeed observed at both the anode and cathode when 
voltages greater than 5V were applied in fresh distilled water. The water supply used to 
wash oxidized CNTs and subsequently employed as solvent for EPD was, however, 
deionised hence reducing considerably the ion concentration and suppressing the 
electrolysis reactions. The limited water dissociation is thought to have promoted 
homogeneous deposition of our CNTs as opposed to other studies in the literature. For 
example, Du et al. [210] obtained macro porous CNT films due to uncontrolled 
hydrogen formation at their anode. 
While the average thickness of the CNT deposits when working at the optimal 
conditions was around 15 nm, the good electrical conductivity of the CNTs enables 
successive depositions; hence, it is possible to increase incrementally the thickness of 
the deposited film. This successive deposition process was used to create up to 90 |im 
thick CNT films, as seen in Figure 8-19, which shows a film obtained from 5 
successive depositions carried out using a fresh suspension each time. 
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Figure 8-19 Thick CNT coating obtained from 5 successive depositions by EPD at 10 V/cm for 10 
minutes. 
The example given is by no means the limit of the process and even thicker coatings 
can be obtained by simply increasing the number of depositions, opening the way for 
fabrication of 3D CNTs structures. 
The co-deposition process was proven to be effective in fabricating TiOa/CNT 
composite coatings. Although the choice of using commercial TiOa nanoparticles was 
purely for the initial assessment of the feasibility of the co-deposition process by EPD, 
a number of applications could benefit from such composites [60, 70]. In particular in 
dye sensitized photovoltaic (PV) cells [68, 69, 300]. In such devices, efficiency of the 
cell could be increased by reducing the rate of electron/hole pair recombination by 
including CNTs in the porous Ti02 structure. The excellent electrical conductivity of 
CNTs, combined with their high aspect ratio, should provide rapid conduction of 
electrons, minimizing the opportunity for eVh^ recombination [68]. Such a device has 
been shown to improve the photocurrent of a dye sensitized PV cells by 100% [69] 
throughout most of the visible wavelength range. However these devices were not 
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fabricated by EPD which may provide opportunities for rapid and cost effective 
processing. 
8.7 Summary 
Electrophoretic deposition was shown to be an effective technique to manipulate CNTs 
individually and to create deposits of specific thickness by controlling the CNT 
concentration in suspension, deposition time, and electric field strength. The latter was 
revealed to influence the microstructural homogeneity of the coating by affecting the 
cohesion and interconnection of the CNTs, with improved quality films obtained at 
15 V.cm'\ Although orientation of the CNTs parallel to the electric field is a possible 
explanation, no specific alignment was observed in the dried CNTs microstructures. It 
is thought that the alignment is lost during the drying of the coating. The mass of CNTs 
deposited per surface area was shown to be in good agreement with the Hamaker's 
equation in which a modest efficiency factor of 0.5 was used. Successive deposition on 
the same electrode has been demonstrated to be an effective means to increasing the 
thickness of the deposit. This process has effectively no limit since CNTs are excellent 
electrical conductors, hence 3D CNT structures can be fabricated using this method. 
The fabrication of titania composite coatings with well separated CNTs was possible by 
using positively charged TiOa nanoparticles to coat negatively charged CNTs. The 
TiOa-coated CNTs particles subsequently migrated to the electrode during EPD under 
constant voltage conditions, thus forming a highly porous nanocomposite film that 
could find applications in photovoltaic cells or biomedical devices. 
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Chapter 9 Conclusion and future work 
Initially, the investigation focused on providing a better understanding of several 
processing parameters, in particular the solution injection rate and inert gas flow rate, 
on the yield and characteristics (length, diameter, and crystallinity) of the CNTs 
produced. It was revealed that the nominal diameter, diameter distribution and defect 
density were found to increase with the injection rate of the precursors. The gas flow 
rate was found to be critical to obtain CNTs mats of constant characteristics throughout 
the reaction zone. Slow flow rate produced long and large CNTs towards the front of 
the reactor which attributed to an excessive coalescence of iron particles due to 
excessive supply. Meanwhile few CNTs were grown in the other parts of the reaction 
zone where most of the quartz substrate was covered with amorphous carbon. In 
addition, a method to determine the concentration and quality (or level of separation) of 
oxidized CNTs suspensions was demonstrated to be possible using UV/Vis 
spectroscopy as an alternative technique to TGA. 
The material produced using the solution injection method was seen to be to relatively 
good quality compared to other CVD methods, however some improvements are still 
needed in order to synthesize CNTs with the appropriate characteristics. Ideally, for 
composites, one would want longer, stronger, straighter CNTs with a controllable and 
narrow diameter distribution. In addition, control over the chirality would also be of 
interest as this determines the electronic behaviour of the CNT. To date, a number of 
research groups are attempting to control chirality and straightness by employing 
nitrogen-doped precursors. Although the products have indeed been shown to be more 
crystalline than, for instance, the CNTs seen in this study, the output is far too low, as it 
stands, to be economically viable to be employed in composite materials. Other 
research suggestions would be to intensify the investigation on the production of 
aligned single wall CNTs mats, since very few groups world wide have successfully 
produced such materials. Alignment of the CNTs is, in general, preferred, as 
separation of the tubes is much easier. In addition, they would be particularly 
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interesting in field emission or electrochemical devices, and ultimately, composite 
materials. 
The fabrication of CNTs-containing borosilicate glass matrix composite was carried out 
using two preparation methods. Initially, commercial Duran® borosilicate powder was 
mixed with SiOx-coated commercial CNTs. The dispersion of the CNTs, in this 
scenario, was not ideal, with numerous CNT aggregates that were not infiltrated by the 
viscous glass upon hot pressing. The limited dispersion of the CNTs was reflected by 
the lower mechanical performance of the composite over the monolithic material. A 
second approach was investigated in which oxidized CNT suspensions was employed 
in a sol gel method. The dispersion of the CNTs was shown to improve significantly, in 
the suspension itself and subsequently in the final composites, when a coupling agent 
was employed. This method led to the successful production of borosilicate glass 
composites with up to 3wt% of nanotubes. The mechanical performance is shown to 
improve up to 2wt% loading where CNTs are still homogeneously dispersed, but to 
reduce thereafter due to agglomeration. 
In addition to the fabrication of bulk borosilicate glass composite, electrophoretic 
deposition (EPD) techniques were developed to fabricate CNTs/ceramic deposits. EPD 
was shown to be an effective technique to manipulate CNTs and to create deposits of 
specific thickness by controlling the CNT concentration in suspension, deposition time, 
and electric field strength. The latter was revealed to influence the microstructural 
homogeneity of the coating by affecting the cohesion and interconnection of the CNTs, 
with improved quality films obtained at 15 V.cm \ Although orientation of the CNTs 
parallel to the electric field is a possible explanation, no specific alignment was 
observed in the dried CNTs microstructures. It is thought that the alignment is lost 
during the drying of the coating. The mass of CNTs deposited per surface area was 
shown to be in good agreement with the Hamaker's equation in which a modest 
efficiency factor of 0.5 was used. Successive deposition on the same electrode has 
been demonstrated to be an effective means of increasing the thickness of the deposit. 
This process has effectively no limit since CNTs are excellent electrical conductors. 
The fabrication of titania composite coatings with well separated CNTs was achieved 
by using positively charged TiOg nanoparticles to coat negatively charged CNTs. The 
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TiOa-coated CNTs particles subsequently migrated to the electrode during EPD, thus 
forming a highly porous nanocomposite film that could find applications in photovoltaic 
cells or biomedical devices. 
First and foremost, the present study has identified a clear processing route in order to 
homogeneously disperse CNTs Into a brittle matrix, in our case, a borosilicate glass. 
Although preliminary properties assessment was carried out, a thorough investigation 
should be performed in order to find out whether CNTs can improve the toughness of 
brittle matrices. The question is particularly interesting for nanotubes lie between the 
continuous and molecular domain where theory may not apply. The question can 
however only be answered if the microstructure is controlled, which has been the focus 
of this study. A range of CNTs could be employed thereby, providing an indication of 
the level of toughening depending on the aspect ratio, crystallinity, diameter or type 
(single or multi walled) of the CNTs. A study on the influence of the CNT surface 
oxidation could be carried out in order to modify the interfacial strength of the 
CNT/matrix. On the other hand, the amount of coupling agent, also affects the 
interfacial strength but cannot be freely varied as the stability and/or processability of 
the suspension must be maintained. 
Functional and mechanical performance would be significantly enhanced if CNTs were 
unidirectionally aligned. Because of the wet processing route, it is thought that the 
application of an electric field across a viscous sol, prior to gelation, could orientate the 
CNTs in one particular direction. However, drying conditions must carefully be 
investigated to ensure that the gels remain crack free upon drying and densification. 
Another option to obtain unidirectional CNTs composite would be to use as CNT grown 
mats which, in addition to having a clear orientation to the CNTs, also greatly enhance 
the CNT concentration in the composite, which in this study, has been limited to 3wt%. 
The EPD chapter has shown that colloidal processing can be a potential route to 
obtain dispersed CNTs in a brittle matrix. While micro powder processing was not that 
effective at fabricating effective composites, the use of particle sizes in the same range 
as the CNTs (tens of nanometres) is thought to be a good option, as seen in Chapter 
8, in which coatings of TiOa/CNT nanocomposite were fabricated. 
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Carbon nanotubes are very promising filler materials for composites materials in 
general. Relatively few studies have focussed on inorganic matrix. This thesis has 
developed a number of promising processing routes crucial to the development of 
scientific and technical understanding of these new materials. 
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